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ABSTB.ACT 
The effects of cesium formate doping of the Cu/ZnO catalyst and 
water concentration in the synthesis gas feed on methanol synthe
sis 
rate and the water gas shift (WGS) reaction are presented in this 
study. The methanol synthesis rate in the absence of water and C
O2 
was promoted more than two times by doping the Cu/ZnO catalyst w
ith 
cesium formate up to 0.4 mol% nominal concentration, after which
 the 
activity increased only slightly. The promotion effect of the ce
sium 
ion has been attributed to its ability to make its counter ion, 
OH 
more basic and this enhances the rate of nucleophilic attack of 
CO by 
OH-. The methanol synthesis rate on all these catalysts went th
rough 
a maximum as the water concentration 1n the synthesis gas feed 
increased. The specific activities for methanol synthesis of the
 
cesium formate-doped catalysts were promoted at low water 
concentrations, and they were comparable to that of undoped Cu/Zn
O 
catalyst at intermediate water concentrations. Moreover, the ma
ximum 
in methanol synthesis rate shifted to lower water concentration 
as the 
cesium formate concentration of the doped catalysts increased 
suggesting the complementary role played by cesium formate doping
 and 
water addition. At higher water concentrations, the cesium form
ate-
doped catalysts were more active than the undoped Cu/ZnO catalys
t for 
methanol synthesis. This has been attributed to the promotion o
f the 
WGS reaction by the cesium formate doping of the Cu/ZnO catalyst
. To 
prove this point, the forward rate constants of the WGS reaction
 near 
equilibrium were calculated by two different methods. The WGS r
ate 
\ 
' j 
constants were again more than two times higher for cesium formate-
doped catalysts than for the undoped Cu/ZnO catalyst. 
·---·-----'·---·----·-~ . 
1.0 INT10DUCTION 
1.1 Methanol Synthesis 
Methanol 1s one of the basic chemicals ranking eighteen on the 
most produced chemicals (Table 1) [1]. More than half of world's 
methanol is processed to formaldehyde which, in particular, is the 
basis of the manufacture of urea, phenols, and melamine resins and 
adhesives. In addition, a number of other products such as methyl 
methacrylate, methyl amine, methyl halides, and acetic acid are also 
customarily manufactured on the basis of methanol. Moreover, blending 
of methanol with gasoline appears to be a potential application of 
methanol [2]. An addition of methanol increases the octane number of 
gasoline-methanol mixture and reduces the discharge of noxious 
substances. Methanol is also utilized as a raw material for the 
production of oxygenated high-octane additives such as methyl tert-
butyl ether. 
The synthesis of methanol is currently carried out via the 
hydrogenation of carbon monoxide or carbon dioxide (equations (1) and 
(2)). 
6B2QSK = -Q0.84 kJ/mol (1) 
6B2QSK = -4Q.57 kJ/mol (2) 
-3-
·- ~---~-·......,_ 
·., 
TABLE 1 
Top 25 Chemicals Produced in U.S.A. 
------------------------------------------
Rank Chemicals 
------------------------------------------
1 
2 
3 
4 
5 
6 
7 
8 
g 
10 
11 
12 
13 
14 
15 
16 
17 
18 
1Q 
20 
21 
22 
23 
24 
25 
Sulfuric Acid 
Nitrogen 
Ammonia 
Lime 
Ethylene 
Oxygen 
Sodium Hydroxide 
Phosphoric Acid 
Chlorine 
Sodium Carbonate 
Nitric Acid 
Propylene 
Urea 
Ammonium Nitrate 
Ethylene Dichloride 
Benzene 
Ethyl Benzene 
Methanol 
Carbon Dioxide 
Styrene 
Vinyl Chloride 
Xylene 
Terephthalic Acid 
Ethylene Oxide 
Hydrochloric Acid 
---------------------------------------------
As these reactions are exothermic and methanol formation is 
accompanied by a decrease in mole number, the highest methanol yields 
are obtained at low temperature and high pressure. 
There are two processes for the methanol synthesis. One is a 
high-pressure process, which operates at P= 250-300 atm and T= 330-
4000C. The catalysts used usually contained Zn0/Cr203. The other is 
a low-pressure process, which operates at P= 50-100 atm and T= 200-
2700C. The catalysts are usually based on Cu/Zn0/Cr203 or 
Cu/Zn0/Al
2
0
3
. Since more severe conditions are required in the use of 
the high pressure process, it has been gradually replaced by the low-
pressure process. 
1.2 Mechanism of Methanol Synthesis 
The exact mechanistic pathway that leads to the formation of 
methanol from synthesis gas is still unresolved. The mechanisms 
proposed in the past have been discussed in detail by Klier [3] in his 
review on methanol synthesis. 
Two maJor mechanisms have been proposed: 
A: The stepwise CO hydrogenation mechanism 
0 H 
coJL> I C _!_> 
I 
M 
H OH 
~ \cl 
I 
M 
HOH C 
~ \ t I 
I 
M 
B: Associative formate mechanism 
' ' 
983 
' o-~ 1\ 4H ;> 0- + H2D ;> 0 + CB30H 
* 
o M o 
* 
H2 
* ~ H 
* + CB30H 
In mechanism A, methanol synthesis proceeds by successive 
hydrogenation of adsorbed carbon monoxide. In mechanism B, the first 
step of the reaction is the insertion of CO into a surface hydroxyl to 
form a surface formate. This then is followed by hydrogenation to 
form a surface methoxide and then methanol. The difference between 
the two mechanisms is in the proposed intermediates and how they are 
bonded to the catalyst surface. The intermediate in mechanism A 
(formyl) is proposed to be bonded to the surface cation via the carbon 
atom, while in mechanism B (formate) is bonded via the oxygen atom. 
The evidence for aldehydic type intermediate such as formyl, 
formaldehyde, or hydroxycarbene comes from isotopic tagging, 
spectroscopic, and chemical trapping experiments. Lavalley et al. [4] 
reported the formation of formyl by co-absorbed CO and B2 on 0.1% 
-6-
Cu/ZnO or ZnO at ambient conditions from infrared spectroscopic 
studies. Recently, Vedage [5] showed that the aldehydic type of 
residue was a kinetically significant intermediate in the methanol 
synthesis over Cu/ZnO (30/70) catalyst by chemical trapping 
experiments with amine, which resulted in a methylated amine according 
to the following reaction: 
(3) 
H OH 
\ I 
where C can be taken to represent HCHO, formyl or 
l ~ 
hydroxycarbene intermediate. 
The evidence for formate and methoxide intermediates comes from a 
variety of sources such as co-adsorption of reactants, infrared 
spectroscopy, decomposition of methanol, and chemical trapping 
experiments. Tsuchiya et al. [6] measured the amounts of co-adsorbed 
CO and B
2 
during methanol synthesis over the Cu/Zn0/Cr2o3 catalyst at 
250°C and atmospheric pressure with various H2/CO ratios. The 
adsorption of each reactant was enhanced in the presence of the other 
and the average composition of the adsorbate had B2:CO= 1.5:1, 
corresponding to a stoichiometric formula CH30 and the synthesis rate 
was found to be limited by the hydrogenation of this complex. Formate 
and methoxide were also found by chemical trapping with (CB3)2so4 and 
(C
2
B
5
)
2
so
4 
during methanol synthesis from H2/CO or B2/C02 over the 
-7-
.l 
Cu/ZnO catalyst [7]. The reactions involved 1n the chemical trapping 
experiments can be written as follows. 
-----> 2HCOOR + S0-4 
-----> 2CH OR+ S0-3 4 
(4) 
(5) 
Here Risa methyl or ethyl group. In addition to the aldehydic 
intermediate, Vedage et al. [8] also proposed that formate is another 
intermediate in methanol synthesis from the results obtained by the 
incorporation of isotopically labeled water into synthesis gas over 
the Cu/ZnO catalyst. Using e2
18o as the reactant water along with CO 
and 82, the 
percentage of 180 in the reactants and products was found 
to be in the following order: CO 2 N ce3oe N B20 > CO
. The presence of 
larger percentage of 180 in the products than in the reactant CO 
indicates that the intermediate produced with the assistance of B2
18o 
is converted to the products at a rate much more faster than that of 
the exchange reactions resulting in c
18o. Since the% of 
180 in the 
products C8308 and C
O2 were very 
comparable, the 
180 isotope flow does 
not distinguish whether 820 or CO2 is the 
reaction precursor of 
methanol. The distinction between the mechanistic role of H20 and CO2 
is apparent from the efficient incorporation of deuterium from D20 
into the methyl group of methanol. Furthermore, using D20 as the 
reactant water, Vedage et al. [8] found that water was a significant 
source of hydrogen in the methyl group of methanol and only a single 
deuterium atom was incorporated from D20 as -CH2D and no -CHD2 or
 -CD3 
group was observed. This can be understood from the following 
reactions involving formate intermediate originating from surface 
hydroxyls OD-: 
D20-----> OD(a) + D(a) 
OD- +CO-----> DCOO-(a) (a) 
DCOO(a) + 2B2 -----> CH2DOH + OH 
(6) 
(7) 
(8) 
Therefore, formate is shown as a common intermediate for both methanol 
synthesis and the water-gas shift (WGS) reaction. The mechanistic 
scheme proposed by Vedage et al. encompasses both the formyl and 
formate intermediates and 1s shown in Figure 1. The rapid formation-
decomposition of formate intermediate was evidenced by the fast 
scrambling of CO isotopes in the presence of preadsorbed water, 
according to the equation (Q) [8] : 
From high-pressure infrared spectroscopic studies, Edwards and 
Schrader [Q] showed that formate species 1s a reaction intermediate 1n 
methanol synthesis on the Cu/ZnO catalysts. They identified adsorbed 
formaldehyde and methoxy species to be additional intermediates in the 
reaction pathway for methanol synthesis [10]. Formate species was 
concluded to be a common intermediate in the WGS and methanol 
synthesis reactions on the Cu/ZnO catalysts. The results obtained by 
Edwards and Schrader further support the formate mechanism. 
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Figure 1- Formate mechanism for methanol synthesis and the water-
gas shift reactiort [8]. 
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It can be concluded that there is a general agreement among 
various researchers regarding the fact that aldehydic species, 
formate, and methoxide are intermediates in methanol synthesis on 
Cu/ZnO catalysts. However, there is a disagreement as to whether CO 
or CO2 is the primary sourc
e of carbon in methanol synthesis. 
1.3 Kinetics of Methanol Synthesis 
The kinetic equations formulated for methanol synthesis are based 
on either Langmuir-Hinshelwood(L-H) type or empirical power rate law. 
The kinetics of methanol synthesis have been summarized by Denny 
et al. (11] and Klier (3]. Table 2 lists some of the published 
kinetic equations over low-pressure copper-based catalysts. Among 
them, the model proposed by Klier et al. (15] is applicable to a wide 
range of CO2/CO ratios. Th
e kine.tic equation was developed by taking 
into account a redox equilibrium (A0 x + CO(g) ---->Ared + C02(g)) 
involving Cu(I), the active site for reaction. The rate of methanol 
synthesis was considered to be determined by the rate of surface 
reaction between CO and H2. An empirical
 term to account for the 
slower hydrogenation of CO2 was also inc
luded in the rate equation. 
This rate expression described successfully the promotion effect of 
the methanol synthesis rate at low CO2 concentrations a
nd the 
retardation at high CO2 concentratio
ns. This equation and values of 
constants therein were used to predict the maximum rate at an optimum 
ratio of CO2/CO= 2/28. 
On the other hand, this model ignored the 
kinetic significance of water and, therefore, further modification to 
take into acount the effect of water on methanol synthesis rate is 
-11-
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TABLE 2 
Kinetic Equationsa Proposed For Methanol Synthesis Reaction 
over Copper-Based Catalysts. 
--------------
--------------
--------------
--------------
--------------
Cat. T 0 c 
' 
P,atm Kinetic Equations Mixture Ref 
--------------
--------------
--------------
--------------
--------------
Cu/Zn0/Al203 300- 200-330 315 
Cu/Zn0/Al203 220- 40-260 55 
Cu/Zn0/Al2o3 
? ? 
Cu/ZnO b 225- 75 
250 
Cu/Zn0/Al2o3 30-210-250 90 
Cu/Zn0/Al2o3 250- 3-15 290 
Copper-based 200- 100 
225 
2 H2/CO [12] r=(fCOfH
2
-fcH
3
0H/Keq)/ 
3 (A+Bfco+CfH +DfCH OH) 
2 3 
k( o.5 I o.66 H2/CO [13] r= Pco PH PcH OH-
0 342 035 
Pen OH/(Pco PH Keq)) 3 2 
k 0.2-0.6 0.74) H2/CO/C02 [14] r= Pco PH CO 2 2 
r=k(l+Pco/K'Pco y3(PcoPi -
2 2 
H2/CO/C02 [15] 
PcH OH/K )/(F+KCO Pea )n 3 eq 2 2 
+k'(Pco -pCH OHPH of(K~qp~ )) 
2 3 2 2 
2 H2/CO/C02 [16] r=(fcofB
2
-fcH
3
0H/Keq)/ 
3 
(Cl+C2fco+C3fco +C4fH) 2 2 
2 H2/CO [17] r=k(PcoPH -pCH OH/Keq)/ 
2 3o 5 2 (l+KpcoPH. ) 
2 
[18] 
---------------
---------------
---------------
---------------
----------
a: f.= the fugacity of component i; p.= the partial pressure of 
l l 
component i. 
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Table 2 (Cont'd.) 
b: K = the equilibrium constant in terms of partial pressure of 
eq ' 
reaction CO+ 2H2<====> CB30H; Keq= the equilibrium constant in 
terms of partial pressure of reaction CO2+ 3B2 <====> CH30B + B20; 
' k = the redox equilibrium constant of Ared+ C02(g)<====> 
A +co()' OX g 
., 
., 
' 
,! 
-13-
., . __ -.:.;,"1l,,.......,,,,,.,. ... ., __ l,)\ 
{ 
currently in progress. However, a qualitative rate equation to 
explain the basic features of the methanol synthesis curves in the 
CO2 and water depend
ence studies on the Cu/ZnO catalysts, shown in 
Figure 2, has been proposed by Klier [5]. 
3 4 
k2Pco PH )/(l+KcoPco+KH PH +Keo Pco +KH oPH o) 
22 22 2 2 2 2 
(10) 
This equation was derived based on the following reaction sequence 
CO2 + H2 <=====> HCOOH 
(11) 
CO+ H20 <=====> HCOOH 
(12) 
(13) 
Here HCOOH is formic acid and might take the form of surface formate. 
Methanol was synthesized by hydrogenation of CO2 or by hydration of CO 
followed by hydrogenation of intermediate formate. 
1.4 Water-Gas Shift (WGS) Reaction 
During methanol synthesis from the synthesis gas containing B2, 
CO, CO2, 
and B20, the
 primary reactions (equations (1) and (2)) are 
accompanied by the WGS reaction (equation (14)). 
-14-
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It 1s a reversible, exothermic chemical reaction. Due to the change 
1n fugacity, reaction pressure still has some effect on the 
equilibrium of the reaction, although the number of mols of compounds 
in the shift reaction does not change during the course of the 
reaction. 
The WGS reaction is one of the oldest catalytic reactions applied 
industrially to produce hydrogen for the synthesis of ammonia. New 
uses for hydrogen, such as for coal liquefaction and gasification, 
hydrotreating of ever heavier petroleum and shale oil liquids, and as 
a direct rocket engine fuel, make it increasingly important in the 
future. The WGS reaction is also employed as a step in the steam 
reforming process to reduce the CO levels and produce additional 
hydrogen to adjust the H2/CO ratio. Two main classes of catalysts are 
used industrially as the WGS reaction catalysts. One 1s the high 
temperature shift catalyst which usually contains Fe203/Cr2o3 and 
operates in the temperature range 320-450°C. The others are the low 
temperature shift catalysts based on Cu/Zn0/Al203 or Cu/Zn0/Cr203 
compositions, which operate in the temperature range 200-250°C. Since 
sulfur poisons both the WGS reaction catalysts, another sulfur 
insensitive cobalt molybdenum-based catalyst has received attention as 
an industrial WGS reaction catalyst [lQ,20). The WGS reaction over 
the undoped and alkali doped CoO/Mo03/Al203 catalysts has been studied 
by Overstreet [lQ) and Berispek [20). The mechanism and kinetics of 
the WGS reaction has been reviewed by Newsome recently [21). 
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1.5 Mechanism of the WGS Reaction 
A formate intermediate has been proposed for the forward and 
reverse WGS reaction over various catalysts. The adsorbed formate 
species has been identified by infrared spectroscopy on magnesia [22], 
alumina [23], and zinc oxide [22] catalysts used in the WGS reaction. 
More recently, the investigation of the kinetics of the WGS reaction 
and formic acid decomposition over the Cu/Zn0/Al2o3 catalysts led to 
the proposal that a stable formate intermediate is involved in the WGS 
reaction [24,25]. 
The mechanistic studies of the WGS reaction over iron-based 
catalysts using stoichiometric number method has been reported by Oki 
et al. [26]. In this study, it was indicated that the oxidation-
reduction type mechanism is not a plausible pathway for the WGS 
reaction over iron-based catalysts, whereas formate mechanism with two 
rate-controlling steps is theoretically possible. The formate 
mechanism proposed was shown below: 
co-----> co(a) 
- + 
B20 -----> OH(a)+ H(a) 
CO(a)+ OH(a) -----> HCOO(a) 
HCOO(a) -----> C02(a) + H(a) 
co2(a) -----> CO2 
+ -
H(a)+ H(a) -----> B2 
-17-
(15a) 
(15b) 
(15c) 
(15d) 
(15e) 
(15f) 
l j 
r 
Steps a and f were assumed slow, rate determining steps, and the o
ther 
steps were postulated to be in quasi-equilibrium. 
1.6 Kinetics of the WGS Reaction 
The kinetic models, based on L-H type or empirical power law 
type, proposed for the forward WGS (FSR) reaction and the reverse WGS 
(RSR) reaction have been summarized by Villa et al. (16] and are shown 
in Table 3. Most rate equations in this table contain both the 
forward and the reverse terms which are necessary to account for th
e 
equilibrium conditions of the WGS reaction. The kinetic model 
reported by Villa et al. [16] was obtained under experimental 
conditions close to those employed in the low temperature methanol 
synthesis. This kinetic model of the WGS reaction has taken into 
account the methanol synthesis reaction that occurs simultaneousl
y. 
1.7 Alkali Promotion of Methanol Synthesis 
Vedage et al. (34] found the methanol synthesis rate in the 
absence of water and CO2 to be enhan
ced by alkali doping of the Cu/ZnO 
catalyst. The results are schematically shown in Figure 3. Among
 the 
alkali and alkaline earth metals used, cesium was found to have th
e 
greatest effect with two fold enhancement in the methanol synthesi
s 
rate but with no substantial change in the selectivity. The promo
tion 
of methanol synthesis by cesium doping of the Cu/ZnO catalyst has 
been 
attributed to the base strength in increasing the surface 
concentration of formate and hence the methanol synthesis rate. 
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\ TABLE 3 
Kinetic Equations for Forward Shift Reaction(FSR) and Reverse 
Shift Reaction(RSR) over Copper-Based Catalysts 
-----------
-----------
-----------
-----------
-----------
-----------
----
Reac- Catalysts T °C 
' 
P,atm Kinetic Equations Ref 
tion 
----------
----------
----------
----------
----------
----------
----------
RSR Fe/Cu 540 1 r=(k(PcoPH 0-pCO PH /Keq))/ [27] 2 2 2 
(l+KAPco +KRPco) 
2 
a b C [28] FSR Fe/Cr 330-500 1 r=kpcoPH oPco 2 2 
Fe/Cr 305-335 1 
a a a a-1 [29] RSR r=kpH Pea /(PcoPa 0 2 2 2 
(l+KpH 0/PH )) 
2 2 
FSR Fe/Cr 315-482 30 r=k(PcoPH o-Pco Pa /K ) 2 2 2 eq 
[30] 
FSR Cu/Zn0/Al203 170-280 13 r=k(PcoPa 0-Pco PH /K )/ 
[31] 
2 2 2 eq 2 
(l+K1Pco+K3Pco +K4pH) 2 2 
RSR Cu/Zn0/Al2o3 195-225 1-6 r=kpCO Pa /(l+KApCO PH+ 
[24] 
2 2 2 2 
KBpH) 
2 
FSR Cu/Zn0/Al2o3 172-228 1 r=kpcoPH o/(l+KcPcoPu o+ 
[24] 
2 2 
KoPco) 
RSR Cu/Zn0/Al2o3 210-250 30-90 r=(fco fH -fcofH o/K )/Kl 2 2 2 eq 
[16] 
FSR Fe0/Cr203 310-450 6-50 r=K'PcoPu o[
1
-Pco Pu /(KPcoPu o)J [32J 
2 2 2 2 2 
/(l+K1Pco+~pH o+K3Pco +K4pH) 2 2 2 
FSR Mo/A12o3 375-450 1 r=kK'PcoPa o/(l+K1Pu o+~Pco)
2 [33] 
2 2 
-------------
-------------
-------------
----------- -
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1.8 Alkali Promotion of the WGS Reaction 
The promotion of the WGS reaction by alkali doping has been 
reported for Fe304/Al2o3 [35], Al2o3 [36,37], sulfided C
oMo/Al203 
[19,20], and sulfided NiMo/Al2o3 [38] catalysts. Among the alk
ali 
dopants, cesium was found to be the best over Al2o3 catalysts. 
It was 
also shown that the promotion of the WGS reaction increased with the 
concentration of alkali dopant until the surface was almost saturated 
by the alkali metal ions [37]. The promotion effect of the WGS 
reaction observed by doping with potassium over Al203 and NiMo/Al2
o3 
catalysts was attributed to the increase in surface formate 
concentration [38]. Potassium was the most active of the promoters 
tested over CoMo/Al203 catalysts. The
 rate constant for the WGS 
reaction as a function of the cesium content of the CoMo/Al 203 
catalyst obtained by Overstreet [19] has been plotted in Figures 4 and 
5. The complicated variation in rate constants has been explained by 
assuming that the cesium salt spreads over the catalyst surface by 
melting. This melting is dependent both on the cesium content and the 
temperature of the reaction. In Figure 4, at cesium concentration 
less than 0.14 g cesium/cm
3 
of pore volume, a temperature of 260°C is 
apparently insufficient to melt the cesium salt and the cesium salt 1s 
present in its inactive solid form blocking the active sites of 
CoMo/Al2o3 catalyst. 
This results in a loss in catalytic activity. 
However, at higher concentrations of cesium salt, the reaction 
temperature of 260°C is sufficient to melt and spread the cesium salt 
and this results in an enhancement of the catalytic activity. The 
rate contant of the WGS reaction increased with cesium concentration 
-21-
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I until a maximum rate constant was reached at the optimum cesium 
concentration of 0.35 g cesium/cm3 pore volume. Beyond this cesium 
concentration, the rate constant started decreasing due to the 
blocking of pores by the molten cesium salt. In Figure 5, a 
temperature of 400°C has been used for the reaction and this 
temperature is apparently sufficient to melt and spread the cesium 
salt from the very lowest concentrations. Again a maximum is reached 
at a cesium concentration of 0.35 g cesium/cm3 pore volume and the 
rate constant dropped thereafter due to the blocking of pores. In 
either case, the cesium doping certainly enhanced the WGS reaction 
over the sulfided CoMo/Al2D3 catalyst. 
1.Q The Relationship Between Methanol Synthesis and the WGS Reaction 
The interrelationship between methanol synthesis and the WGS 
reaction is best illustrated by the results of the water dependence 
studies of methanol synthesis over Cu/ZnD catalysts obtained by Vedage 
et al. [8]. It was found that the methanol synthesis rate was greatly 
enhanced by small amounts of water in the B2/CO synthesis gas, while 
large amounts of water retarded the synthesis rate. On the other 
hand, the WGS reaction rates increased steadily with the increase 1n 
water concentration in the feed. The results of the water dependence 
studies at various temperatures are shown in Figure 2. The 
mechanistic relation between methanol synthesis and the WGS reaction 
in this study (Figure 1) was resolved by proposing that both reactions 
went through a common intermediate viz. surface formate, formed by the 
interaction of adsorbed CO and surface hydroxyl. The surface formate 
-23-
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could be hydrogenated to produce methanol and B20 or dissociated to 
form CO
2 
and B
2
. This common intermediate mechanism for methanol and 
the WGS reactions is further supported by the observation of formate 
species by Edwards and Schrader [Q,10] in their IR studies of the 
adsorption of gaseous mixtures relevant to methanol synthesis and the 
WGS reaction conditions. Contrary to this common intermediate 
mechanism, Rozovski and coworkers [3Q] concluded from kinetic and 
isotopic studies over an industrial methanol synthesis catalyst that 
the reaction steps in the WGS reaction are independent of the reaction 
steps in methanol synthesis, i.e. the two reactions have no common 
adsorbed intermediate species. According to Rozovski et al., methanol 
was formed by carbon dioxide hydrogenation and not by carbon monoxide 
hydrogenation and carbon monoxide was converted to carbon dioxide via 
the WGS reaction. 
1.10 Scope of the Present Research 
The promotion of methanol synthesis rate by small amounts of 
water in the synthesis gas and by alkali metal doping of Cu/ZnO 
catalyst has been clearly demonstrated by Vedage et al. [8,34]. The 
scope of this research is to determine the rates of both methanol 
synthesis and the WGS reaction as a function of both cesium 
concentration of the catalyst and water added to the synthesis gas and 
in the process find out answers to the following questions: 
(i) What is the optimum concentration of cesium that is required to 
obtain the maximum promotion of the methanol synthesis rates? 
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! (ii) What is the effect of water injection to the synthesis gas on 
methanol synthesis rate over the cesium doped Cu/ZnO catalysts? 
(iii) What is the effect of cesium doping on the WGS reaction and how 
is this reaction interrelated to methanol synthesis? 
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2.0 BIPBID(BNTAL 
2.1 Catalyst Preparation 
2.1.1 Coprecipitation 
The binary 30/70(molar ratio) Cu/ZnO catalyst was prepared by 
coprecipitation of the aqueous copper and zinc nitrate solutio
ns by 
addition of sodium carbonate solution. The required amount 
of each 
metal salt was calculated according to molar ratio of metal o
xides and 
the desired quantity of the catalyst, which was usually 50 g. 
To 2000 
c.c. of distilled water in the beaker were added 44.8 g (0.186 mol) of 
Cu(N03) 2.3H20(Fisher Scientific Co., 
certified ACS grade) and 128.8 g 
(0.433 mol) of Zn(N03)2.6H20(Fisher Scientific Co
., certified grade). 
The mixture was heated to about 82°C with vigorous stirring. 
Then 
1.0 M Na2co3 (Fisher Scientific Co., c
ertified ACS grade) was added 
dropwise to the nitrate solution, with the temperature of the
 solution 
still controlled at 82°C and until the pH reading was 6.8. O
ver a 
period of 2 hours, on the order of 550-650 c.c. of sodium carb
onate 
was added. The heat was then turned off and the solution was
 stirred 
for another 1.5 hours. The precipitate was allowed to settle 
down and 
the colorless supernatant was decanted. The light blue solid
 was 
washed five times with 400 c.c. of distilled water by decanta
tion. 
Using Whatman #42 filter paper supported on a fritted glass f
ilter, 
the precipitate was filtered out and rinsed with five times 4
0 c.c. of 
distilled water. The light blue precipitate was then placed 
in an 
evaporating dish and dried in air for several days. 
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2.1.2 Calcination 
The dried precipitate was transferred into a porcelain crucible 
and calcined in air at the oven temperature of 150°C initially. The 
temperature was raised 50°C every 30 minutes up to 350°C. This 
temperature was then maintained for another 3 hours. Upon completion 
of the calcination, the sample was cooled to room temperature 1n air, 
resulting in a brownish-black CuO/ZnO catalyst powder. 
2.1.3 Pelletization 
The calcined CuO/ZnO powder was mixed with enough distilled water 
to make a thick slurry. The slurry was then pressed into a Teflon 
mold and dried in air for several days, giving cylindrical pellets 
(3mm diameter* 10mm length). The dried pellets were broken up and 
sieved to 10/20 mesh (U.S. standard sieve size). 
2.1.4 Catalyst Loading and Reduction 
Approximately 4.0 g (6 c.c. of volume) of the sieved CuO/ZnO 
catalyst were diluted to 10 c.c. volume with 3 mm glass beads and 
loaded into the reactor. The catalyst bed was centered in the reactor 
to keep the whole bed under isothermal condition. After attaching the 
reactor to the testing apparatus, the reduction gas, 2% hydrogen in 
nitrogen (Air Products and Chemicals Inc., Zero grade gas mixture) was 
passed at a rate of 60 c.c./min over the catalyst at room temperature 
and atmospheric pressure for about 1-2 hours. The reactor temperature 
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was then raised at a rate of 3-4°C/min to 250°C. The reduction 
process was monitored by gas chromatography of the water content 1n 
the exit gases. The theoretical reduction time was calculated 
assuming the stoichiometric reduction of CuO by B2. For example, 
a 
time of 5.5 hours was required to reduce 4.5 g of Cu0/Zn0(=30/70) 
catalyst, when the reducing gas was flowing at 60 c.c./min at 25°C and 
1 atmosphere. The timing of the reduction was started when the 
reactor temperature had reached 210°C. After finishing the reduction, 
the catalyst was cooled to room temperture by switching off the 
heater. The reduced Cu/ZnO catalyst was removed from the reactor 
under nitrogen (MG Scientific Gases, 99.998%) and transferred to 
nitrogen-filled glovebag for cesium formate impregnation. 
2.1.5 Preparation of Cesium Formate-Doped Cu/ZnO Catalysts 
The reduced Cu/ZnO catalyst was added to 25-30 c.c. of nitrogen-
purged aqueous solution containing cesium formate(95.9% Cs00CH.xB20, 
Alfa Products) at 50-60°C. The solution was then evaporated to 
dryness under a flowing nitrogen atmosphere for a period of 4-6 hours. 
The cesium formate concentration was controlled on the basis of the 
need to cover a known extent of the surface area of the undoped Cu/ZnO 
catalyst [5]. For example, 0.8 mol% cesium formate concentration 
corresponded to 32% nominal coverage. The dry doped-catalyst was 
collected and bottled for testing. 
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2.2 Testing Apparatus 
The doped catalysts were tested in two different units shown 
schematically in Figures 6 (Unit I) and 7 (Unit II). Both units 
mainly consisted of flow reactor, pressure, flow rate, and temperature 
controllers. The reactors used were single pass fixed bed tubular 
flow reactors. The desired pressure in the system was obtained from 
pressurized cylinders of the reactant gases, hydrogen and carbon 
monoxide (MG Scientific Gases, hydrogen-99.999%, carbon monoxide-
99.5%). Molecular sieves were used to trap water in the feed gases to 
keep the moisture levels to a minimum. An activated charcoal trap was 
used to purify the feed gases from iron carbonyls. Both units were 
provided with mass flow controllers capable of operating at high 
pressures (Union Carbide Corp., Model FM-4550-6C-6C-6C) and regulating 
separately H
2 
and CO input streams, as well as a variety of mixed feed 
gases. Therefore, a wide range of compositions and gas hour space 
velocities (GHSV), defined as liters of the feed gas per kg of 
catalyst per hour at 25°C, of the reaction stream can be adjusted. 
Although the basic principles involved in the operation of units 
I and II were the same, there were some significant differences 
between these two units. Unit I consisted of a stainless steel 
reactor (Figure 8) 64 cm long with a 1.8 cm inside diameter and 0.3 cm 
wall thickness. Typically, 3.5-6 c.c. of the catalyst were diluted 
with 4-6.5 c.c. of Pyrex beads to make a catalyst bed of 4.0•1.0 cm 
length. The reactor was heated using a split tube furnance (S.B. 
Lindberg Co.) and was regulated by a proportional temperature 
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controller (Theall Engineering Co., Model TC-1000-Tl-P2). The 
catalyst bed temperature was measured using a 0.1 cm O.D. stainless 
steel clad thermocouple incorporated into a thermowell along the 
center line of th~ reactor. The catalytic reactor in Unit II 
consisted of 1.27 cm I.D., schedule 40, 316 stainless steel tubing, 
and was fitted with a 0.32 cm o.d. thermowell of the same material. 
The temperatures of the top, middle, and bottom section in the 
catalyst zone were measured by a vertically sliding thermocouple. The 
reactor furnace had three separate heat zones individually controlled 
by Electric Control System (ECS) power supplies of a silicon control 
rectifier (SCR) with proportional control and reset circuits, which 
allowed control of the catalyst bed temperature usually to within 
zl°C. Typically, 3.5-6 c.c. of the catalyst were diluted with 6.5-4 
c.c. of Pyrex beads to make a catalyst bed of 8zl cm length. Further, 
a provision was made for the fast cooling of the reactor by a manually 
controlled valve that allowed a stream of compressed air to flow 
directly over the reactor tube. Although the reactor geometry was 
different in these two units, they produced identical catalyst 
activities [5]. 
A back pressure regulator (Tescom Corp., Model 26-1725-24-070) 
was used to reduce the downstream pressure to atmospheric while 
maintaining the upstream pressure at the desired level. Heating and 
insulating tapes were wrapped around the stainless steel exit lines of 
both units to maintain temperatures around 200-250°C on the high 
pressure side and 130-150°C on the low pressure side to avoid the 
condensation of the exit components in the lines. 
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The exit gases from the reactors were sampled every 15-60 minutes 
using an on-line Hewlett Packard Model 5730A Gas Chromatograph, with 
computer control of the sampling valve and the temperature 
programming. At the end, the exit gas flow rates were measured 
through a wet test meter (GCA/Precision Scientific Co., stainless-
steel Model) before being led into the exhaust system. 
Water was introduced into the synthesis gas stream at the reactor 
pressure from the top of the reactor preheater section through the use 
of a high pressure differential liquid pump (Gilson Medical 
Electronics, Inc., Model 302). Initially, the pump was able to add 
liquid in multiples of 5 µ1/min, and was later modified to enable the 
addition of lower liquid rates in multiples of 0.5 µ1/min. The 
preheater section was maintained at temperatures around 130-150°C to 
ensure that the injected water vaporized before passing through the 
catalyst bed. 
2.3 Catalyst Testing 
A 2.5 g of cesium formate-doped Cu/ZnO catalyst (3-4 c.c.) was 
diluted with Pyrex beads to bring the total catalyst bed volume to 
10 c.c. and then centered in either one of the flow reactors shown 1n 
Figures 6 and 7. 
testing units. 
atmosphere. 
The loaded reactors were sealed and attached to the 
All the above procedures were done under nitrogen 
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The effect of water on the rates of methanol synthesis and the
 WGS 
reaction over cesium formate-doped Cu/ZnO catalyst was investi
gated 
at 235°C, 75atm with a H2/CO= 2.33 volume%
 synthesis gas and at a 
GHSV of 6120 1/kg cat/hr. The distilled water was purged by n
itrogen 
prior to use. The following testing program was used in this 
study: 
(a) initial steady state activity determination at 250°C, 75 atm, 
H2/C0= 2.33, and GHSV= 
6120 1/kg cat/hr; (b) steady state activity 
determination at 235°C keeping the other conditions as 1n (a); (c) 
activity determination in the presence of water. Water injection 
rates were varied in the range of 16-84 mmol/hr for 0.1 and 0.2
% 
cesium formate-doped Cu/ZnO catalysts and 5-84 mmol/hr for 0.4
 and 
0.8% cesium formate-doped Cu/ZnO catalysts. The wider range 
of water 
injection rate for 0.4% and 0.8% doped catalysts was enabled by the 
modification of liquid pump with a new pump head that allowed 
water 
injection into the synthesis gas in multiples of 0.5 µ1/min instead of 
the 5 µ1/min in earlier studies. All other conditions were as
 in (b); 
(d) the injection of water was stopped and the steady state activity 
was remeasured at 235°C after removing all the adsorbed CO2 an
d H20; 
(e) the temperature was increased to 250°C and the activity was 
measured at the same conditions as in (a). The study of the effect of 
water on methanol synthesis rate and the WGS reaction was car
ried out 
in both testing units (Figures 6 and 7), and the reactions were run 1n 
almost kinetic regimes without severe complication by the diff
usion 
limitations shown by theoretical calculations in a later secti
on. 
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2.4 The Analytical Procedures 
Identification of the reaction products and the quantitative 
analysis of each product were achieved by gas chromatography.
 An on-
line Hewlett-Packard Model 5730A gas chromatograph equipped w
ith an 
automatic gas sampling valve and a thermal conductivity dete
ctor was 
used to identify the components by comparing the retention ti
mes with 
that of known compounds. Further confirmation of the produc
ts was 
done by collecting samples for analyses in a separate Finniga
n-Nova 
4000 GC/MS analyzer. Also coupled to GC was a Hewlett-Packa
rd Model 
3388A integrator that provided the quantitative information 
by 
determining the areas under the peaks in the chromatogram. 
A typical 
GC operating condition during the catalytic reaction is given
 in 
Table 4. 
The components of the reactor effluent were carbon monoxide, 
carbon dioxide, water, methanol, methyl formate, ethanol, an
d methane. 
They were easily resolved by using a 6'•1/8" column packed w
ith 80/100 
mesh Porapak Q (Foxboro/Analabs). A typical temperature program was 
as follows: 100°C for 2 minutes, then temperature program at
 a rate of 
16°C/min to 190°C where it was kept for another 2 minutes. T
his 
temperature program was used to separate all the exit produc
ts except 
carbon monoxide and methane. Resolution of carbon monoxide 
and 
methane was usually achieved by using a column temperature o
f 25°C for 
2 minutes followed by the regular temperature program to elu
te the 
other components. 
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TABLE 4 
Standard Gas Chromatograph Operating Conditions 
-----------------------------------------------
Carrier Gas Helium 
Carrier Gas Flow 20 - 30 cc/min 
Oven go - 100°c 
Injection Port 150°C 
Detector 150 - 250°C 
Auxiliary 150°C 
Sensitivity 4 
Attenuation 1 
-----------------------------------------------
-37-
Since H2 has a higher thermal
 conductivity than the carrier 
helium gas, a negative signal was normally obtained. This signal was 
not integrated and, therefore, hydrogen was excluded from analysis. 
The relative area percents of individual components were converted 
into relative molar concentrations (less hydrogen concentration) by 
dividing the integrated areas by the respective thermal response 
factors (see Table 5) followed by normalization. This was then used 
in the determination of mass balances, conversions, product yields, 
and selectivities. A sample calculation is shown in Appendix A. The 
errors associated with these analytical techniques were determined 
from the carbon balance, i.e. the percent differences in carbon atoms 
entering and leaving the reactor (Appendix A). 
It should be noted that fluctuations were observed in the reactor 
temperature as well as in product compositions as measured in the GC 
during the study of the water effects over the cesium formate-doped 
Cu/ZnO catalysts. The temperature fluctuation range was within •3°C 
and the product composition fluctuations averaged within relative 15%. 
The herein reported steady state values were based on the average of 
data obtained from at least 8 sample analyses. The error in the total 
carbon balance was less than relative 3%. 
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TABLE 6 
GC Thermal Response Factors(TRF)a 
Compound 
co 
CO2 
CB4 
B20 
CB30H 
c2B50H 
HCOOCB3 
a: taken from reference 40 
b: taken from reference 15 
-39-
TRF 
42 
48 
36 
33 
45b 
72 
72 
.,,. 
2.5 BET Surface Area Measurements 
2.5.1 Isotherm Measurement 
After each testing program, the surface area of each catalyst 
was measured using the conventional BET method. Approximately 0.2 g 
of tested catalyst pellets were loaded into the sample vessel under 
nitrogen atmosphere. The sample vessel was then attached to the 
adsorption unit and evacuated for 8-10 hours, followed by one hour 
degassing at 100-120°C under vacuum prior to adsorption of gases. 
Argon gas was used as the adsorbate for surface area determination, 
and helium gas was used for measuring the dead volume of the sample 
vessel. Six helium dosing pressures, ranging from 2-12 torr, were 
used for the dead volume determination, whereas 11 dosing pressures, 
ranging from 6-80 torr, were used for argon adsorption. Both the 
volume and the surface area measurements were done with the sample 
vessel at liquid nitrogen temperature. 
2.5.2 Surface Area Calculation 
List of Symbols: 
V = volume of sample vessel, ml 
s 
Vd = dosage volume, ml 
Pd= dosage pressure, torr 
P = saturation or vapor pressure, torr 
0 
P = equilibrium pressure, torr 
e 
P '= equilibrium pressure of previous increment, torr 
e 
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V d = volume of gas adsorbed at the pressure P , ml 
a s e 
C = the BET constant related to the first larger heat of adsorption 
V = volume of gas adsorbed corresponding to monomolecular layer, ml 
m 
N = Avogadro's number, 6.02*10
23 
0 
0 V = volume of gas at O C, 1 atm, 22400 ml/mol 
W = weight of the catalyst loaded, g 
a = the sur!~5e ~rea covered by one argon adsorbed molecule, 
16.8*10 m /molecule 
2 
S = the total surface area of the catalyst, m /g g 
The mathematical calculation of the BET surface area utilizes 
equations (16) to (23) [40]. 
For the sample volume determination: 
V = (Pd- P) * Vd/(P - P') s e e e (1
6) 
For the BET adsorption equation 
where Vads can be calculated according to equations (18) and (lQ) 
Vads = (EPVads) * 273/(760 * T * W) (18) 
-41-
and 
PY d = (Pd - P )Vd - (P - P ')V a s e e e s 
(lQ) 
Using linear regression analysis, the slope(S) and the intercept 
(I) of the plot of P /(V d *(P - P )) vs P /P (equation (17)) can be e a s o e e o 
obtained. 
S= (C - 1)/(V C) m (20) 
I= 1/(V C) 
m 
(21) 
From these two equations, the volume of adsorbed gas corresponding to 
monomolecular layer V is given m 
V = 1/(I + S) 
m 
Then the total surface area 1s determined 
S = (V N /V)a g m o 
(22) 
(23) 
2.6 The Determination of Elemental Concentrations of the Dopant 
All the cesium formate-doped Cu/ZnO catalysts were sent to 
Galbraith Laboratories, Inc., Knoxville, Tennessee 37Q21 to determine 
the cesium bulk concentrations along with copper and zinc 
concentrations. The results obtained have been compared with nominal 
-42-
concentrations in Table 6. The nominal concentration of each metal 
was defined in terms of the individual metal atom% in the cesium 
formate-doped Cu/ZnO catalysts. The total mols of metal atom in the 
catalyst were obtained by adding the number of mols of Cu, Zn, and Cs 
which can be calculated according to the amount of the starting metal 
salts (copper and zinc nitrates) and the cesium formate solution used. 
TABLB 6 
Bulk Concentrationsa of Cesium over the Doped Cu/ZnO Catalysts 
-----------------
-----------------
-----------------
-----------------
-
Cs Cu Zn 
CsOOCH/Cu/ZnO ----------------b------------------6------------------b 
Nominal Deter- Nominal Deter- Nominal Deter-
mined mined mined 
-----------------
-----------------
-----------------
-----------------
-
0.1/30/70 
0.2/30/70 
0.4/30/70 
0.8/30/70 
0.11 
0.22 
0.43 
0.85 
0.10 
0.20 
0.50 
0.65 
30.45 
30.41 
30.35 
30.22 
28.84 
28.99 
29.47 
29.13 
69.44 
69.37 
69.22 
68.93 
71.06 
70.81 
70.03 
70.22 
-----------------
-----------------
-----------------
-----------------
-
a: Metal atom% 
b: The concentrations were determined by Galbraith Laboratories, Inc., 
Knoxville, TN 37Q21 
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3.0 lESULTS 
3.1 Methanol Synthesis in the Absence of Added Water and CO2 over the 
Cesium Formate-Doped Cu/ZnO Catalysts 
The results of methanol synthesis rate obtained over the cesium 
formate-doped and undoped Cu/ZnO catalysts, at two different 
0 0 temperatures (235 C and 250 C) are shown in Figure 9. All the cesium 
formate-doped Cu/ZnO catalysts exhibited higher methanol synthesis 
activity than the undoped Cu/ZnO catalyst. The rate of methanol 
synthesis dramatically increased up to a nominal cesium concentration 
of 0.4 mol%, after which the synthesis rate increased only slightly 
with the increase in cesium concentration, at both reaction 
temperatures. More than twofold enhancement in methanol synthesis 
rate was obtained over the 0.4 mol% cesium formate-doped Cu/ZnO 
0 
catalyst at 250 C. 
The catalysts still maintained high selectivity to methanol 
(>97%) after doping with different concentrations of cesium formate. 
The major side products were methyl formate, ethanol, carbon dioxide, 
water, and methane. 
3.2 The Effect of Water Injection on Methanol Synthesis Rate over the 
Cesium Formate-Doped Cu/ZnO Catalysts 
The results of the study of the effect of water addition to 
the synthesis gas on methanol synthesis rate over a series of cesium 
formate-doped Cu/ZnO catalysts at 235°C, 75 atm, H2/CO = 2.33, and 
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Figure 9- The yields of methanol as a function of cesium nominal 
concentration over the Cu/ZnO catalysts at 235°C, 75 atm, 
H2/C0= 2.33, and GHSV= 6120 1/kg
 cat/hr. 
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GHSV = 6120 1/kg cat/hr are summarized in Table 7 and in Figure 10. 
The results obtained over the undoped Cu/ZnO by Vedage et al. [8] has 
also been included for comparison. Figure 10 clearly demonstrates 
that the methanol synthesis rate is strongly dependent on the water 
content of the synthesis gas and on the cesium concentration in the 
catalysts. A maximum in the methanol yield was observed for all the 
cesium formate-doped and undoped Cu/ZnO catalysts. The undoped, 0.1%, 
and 0.2% cesium formate-doped catalysts had a maximum activity at 
water injection rate around 6.67 mol/kg cat/hr, and the 0.4% and 0.8% 
cesium formate-doped catalysts at around 4 mol/kg cat/hr. The maximum 
activity appeared at lower water concentrations as the cesium 
concentration in the catalyst was increased. The cesium formate-doped 
catalysts exhibited a lower catalytic activity 1n comparison with that 
of the undoped catalyst for methanol synthesis at lower water 
injection rates between 3 and 17 mol/kg cat/hr, and a higher activity 
at the higher water injection rates between 18 and 34 mol/kg cat/hr. 
The effect of cesium formate concentration on the methanol synthesis 
rate in the presence of water concentration greater than 7 mol/kg 
cat/hr followed the sequence: 0.1% > 0.2% > 0.4% > 0.8% cesium formate 
doping concentration. 
3.3 The Effect of Cesium Doping on the WGS Reaction During the Water 
Dependence of Methanol Synthesis over the Cu/ZnO Catalysts 
It is clear from the data in Table 7 that the WGS reaction 
proceeded readily during the injection of water to the synthesis gas. 
The degree of promotion of the WGS reaction by cesium doping can be 
-46-
TABLE 7 
Comparison of the Activities of CsOOCH Doped Cu/ZnO Catalysts with 
the Injection of Different Concentrations of H20 (Given in mol/hr) 
into a H2/CO= 2.33 Synthesis Gas at 235°C, 75 atm, 
and with GHSV= 
6120 1/kg cat/hr. The Exit Compositions of Gases are Given in 
mol%. 
---------------------
---------------------
---------------------
-------
(a)Cs/Cu/Zn0=0/30/70 co CO2 H20 CB4 CB30H HCOOCB3 c2B50H 
---------------------
---------------------
---------------------
-------
0 91.40 0.13 8.47 
0.0167 mol/hr 27 .12 8.92 0.64 65.23 0.09 
0.0333 mol/hr 25.82 17.33 1.50 35.21 0.14 
0.050 mol/hr 62.98 25.56 2.40 9.60 
0.067 mol/hr 57.67 33.62 3.34 5.37 
0.083 mol/hr 48.06 41.95 4.97 5.02 
(b)Cs/Cu/Zn0=0.1/30/70 
0. 89.82 0.11 0.24 9.79 0.04 
0.0167 mol/hr 52.94 7.72 0.29 0.27 38.60 0.17 
0.0333 mol/hr 52.98 17.01 0.86 0.14 28.87 0.13 
0.050 mol/hr 54.20 25.90 1.34 0.20 18.28 0.08 
0.067 mol/hr 47.73 34.94 1. 95 0.16 15.17 0.06 
0.083 mol/hr 43.79 42.90 2.62 0.14 10.51 0.04 
(c)Cs/Cu/Zn0=0.2/30/69.8 
0 85.06 0.22 0.70 13.95 0.07 
0.0167 mol/hr 56.81 9.49 0.52 0.45 32.54 0.19 0.01 
0.0333 mol/hr 57.46 16.67 0.84 0.27 24.60 0.15 
0.050 mol/hr 52.95 27.25 1.65 0.41 17.64 0.10 
0.067 mol/hr 49.57 36.40 2.53 0.46 12.97 0.07 
0.083 mol/hr 44.70 42.30 3.01 0.35 9.60 0.05 
(d)Cs/Cu/Zn0=0.4/30/70 
0 87.0 0.11 0.26 13.0 0.08 
0.0033 mol/hr 71.0 1. 9 0.10 0.25 27.0 0.12 
0.005 mol/hr 69.0 2.8 0.12 0.20 28.0 0.12 
0.01 mol/hr 64.0 4.7 0.21 0.15 30.0 0.28 
0.0133 mol/hr 63.0 6.7 0.29 0.16 29.0 0.27 
0.0167 mol/hr 63.0 8.4 0.37 0.14 28.0 0.26 
0.033 mol/hr 59.0 16.0 0.83 0.15 23.0 0.21 
0.05 mol/hr 55.0 24.0 1.60 0.21 19.0 0.087 
0.0667 mol/hr 51.0 33.0 2.40 0.18 13.0 0.054 
0.0833 mol/hr 47.0 40.0 2.90 0.18 9.8 0.037 
-47-
\ 
I 
Table 7 (Cont'd.) 
(e)Cs/Cu/Zn0=0.8/30/70 
0 mol/hr 86.0 0.15 0.02 13.0 0.08 0.022 
0.005 mol/hr 70.0 2.80 0.20 0.08 27.0 0.14 
0.01 mol/hr 67.0 5.30 0.22 0.17 27.0 0.15 0.014 
0.0133 mol/hr 66.0 7.20 0.30 26.0 0.14 
0.0167 mol/hr 67.0 6.80 0.30 0.07 26.0 0.14 
0.0333 mol/hr 62.0 19.0 1.0 0.016 18.0 0.09 
0.05 mol/hr 55.0 28.0 2.0 0.082 14.0 0.066 
0.0667 mol/hr 54.0 34.0 2.4 0.009 9.1 0.028 
0.0833 mol/hr 44.0 46.0 3.5 0.10 6.5 0.016 
----------------------------------------------------------------------
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Figure 10- The carbon conversion to methanol as a function of 
water injection rate in the synthesis gas feed over 
the cesium formate-doped and undoped Cu/ZnO catalysts 
0 at 235 C, 75 atm, H2/CO= 2.33, and GHSV= 6120 1/kg cat/hr. 
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seen qualitatively from the data in Table 8. Here the ratio 
[%H20/(%B20 + %CO2)] is linearly reduced by the conversion of water 
to CO2; the smaller is this ratio the greater is 
the conversion to CO2 
and the greater is the promotion of the WGS reaction. As can be seen 
from Table 8, this ratio is smaller on cesium formate-doped catalysts 
than on undoped catalysts, indicating the promotion of the WGS 
reaction on cesium formate-doped catalysts. 
3.4 The Synthesis of Methyl Formate over the Cesium Formate-Doped 
Cu/ZnO Catalysts 
Methyl formate was the primary, albeit still a minor, side 
product observed along with methanol synthesis and the WGS reactions 
during the water dependence studies. The results of the synthesis 
rate of methyl formate over the cesium formate-doped Cu/ZnO catalysts 
are plotted in Figure 11. This figure shows that the synthesis rate 
of methyl formate varied with the increase in water injection rate in 
a similar fashion as the methanol synthesis rate. The activity of the 
catalysts for methyl formate synthesis rate followed the sequence: 
0.2% > 0.1% > 0.4% > 0.8%. 
3.5 BET Surface Area Measurements of the Cesium Formate-Doped Cu/ZnO 
Catalysts 
The results of the BET surface area measurements of the cesium 
formate-doped and undoped Cu/ZnO catalysts after testing are given in 
Table 9. In comparison with the tested undoped Cu/ZnO catalyst, all 
the tested cesium formate-doped Cu/ZnO catalysts had a lower surface 
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TABLE 8 
Comparison of the WGS reaction Rates over the Undoped and Cesium 
Formate-Doped Cu/ZnO Catalysts with Different Injection Rates of Water 
to the H2/CO= 2.33 Synthesis Gas at 235°C, 75 atm, and GHSV= 6120 1/kg cat/hr. 
---------------------------------------------------------------------
Water Injection [%B20/(%H20+%C02))*100% 
Rate (mol /kg/hr) ______ C...::.s_OO_C_HL-/C_u.L-./ Z_n_O ________ _ 
0/30/70 0.1/30/70 0.2/30/70 0.4/30/70 0.8/30/70 
---------------------------------------------------------------------
1.33 5.2 
2.0 4.1 4.5 
4.0 4.3 2.8 
5.32 4.1 2.8 
6.68 6.7 3.5 5.2 4.2 2.9 
13.32 8.0 4.8 4.8 4.9 3.6 
20.0 8.6 4.9 5.7 6.3 4.6 
26.8 9.0 5.3 6.5 6.8 4.7 
33.2 10.6 5.8 6.6 6.8 4.9 
---------------------------------------------------------------------
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Figure 11- The yields of methyl formate as a function of water 
injection rate in the synthesis gas feed over the 
cesium formate-doped Cu/ZnO catalysts at 235°C, 75 
atm, H2/CO= 2.33, and GHSV= 6120 1/kg cat/hr. 
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i 
TABLE 9 
BET Surface Area Measurements of the Tested Cesium Formate-Doped 
and Undoped Cu/ZnO (30/70) Catalysts 
--------------------------------------------------------
Catalyst 
CsOOCH/Cu/ZnO 
2 Surface Area (m /g) 
--------------------------------------------------------
0/30/70 
0.1/30/70 
0.2/30/70 
0.4/30/70 
0.8/30/70 
36.5 
22.4 
19.2 
19.1 
17.5 
------------------------------------------------------
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2 
area ranging from 18 to 23 m /g. The surface areas of the catalysts 
have been reduced to about 40-45% after doping with different 
concentrations of cesium formate and after use in water dependence 
studies. 
3.6 Deactivation of the Cesium Formate-Doped Cu/ZnO Catalysts 
After testing t~e catalysts at 235°C for the water dependence of 
the methanol synthesis rate, all the cesium formate-doped catalysts 
were tested at the initial condition, i.e. at 250°C, 75 atm, H2/CO= 
2.33, GHSV= 6120 1/kg cat/hr. The deactivation of the catalyst was 
determined by monitoring the decrease in the methanol synthesis rate 
compared with that obtained initially. This comparison in methanol 
synthesis rate has been made in Table 10 for each of the cesium 
formate-doped catalysts after different lengths of total testing time. 
With the exception of the 0.1% and 0.4% cesium formate-doped 
catalysts, all other catalysts were found to be deactivated to some 
degree. There was no apparent loss in activity for the 0.1% cesium 
formate-doped catalyst even after 204 hours of testing at 235°C. 
3.7 Estimate of the External Mass and Heat Transfer Limitations 
Prior to undertaking the kinetic analysis of the water dependence 
data obtained over the cesium formate-doped and undoped Cu/ZnO 
catalysts, evaluations of partial pressure and temperature gradients 
between bulk fluid and surface of the catalyst particle were made. 
Only two illustrative points were chosen from the water dependence 
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TABLE 10 
Deactivation of the Cesium Formate-Doped Catalysts for Methanol 
Synthesis as a Function of Time at 250°C, 75 atm, H2/CO= 2.33, and GHSV= 6120 1/kg cat/hr. Yield is in g/kg cat/hr 
------------------------------------------------------------------
Catalyst CsOOCH/Cu/ZnO CsOOCH/Cu/ZnO CsOOCH/Cu/ZnO CsOOCH/Cu/ZnO 
0.1/30/70 0.2/30/70 0.4/30/70 0.8/30/70 
-------------------------------------------------------------------
time(t) 
(hrs) 
Methanol 
yield 
(initial) 
Methanol 
yield 
(after 
t hrs) 
204 
343 
357 
312 144 78 
507 563 
504 406 
--------------------------------------------------------------------
a: the yields were compared at 235°C, 75 atm. 
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curves obtained over the undoped Cu/ZnO catalyst. The first case was 
with a water injection rate of 6.67 mol/kg cat/hr when methanol 
synthesis rate was at maximum. The second case was with a water 
injection rate of 33.3 mol/kg cat/hr when the WGS reaction 
predominated over methanol synthesis. 
The steady state rate of a heterogeneous reaction r , 1.e. the p 
rate per unit weight of the catalyst, is usually expressed [41] as 
where 
r = a k (Cb- C) p m g s 
k = mass transfer coefficient g 
(24) 
a= the effective external surface area per weight of the 
m 
catalyst 
Cb, C = the concentrations 1n the bulk fluid and at the surface, 
s respectively 
The mass transfer coefficient kg can be expressed 1n terms of Jo 
factor [41]: 
where 
(--~g-~~-)(-~~-) [---~~----]2/3 (25) 
G at p DA m ,m 
at= the total external surface area per weight of the catalyst 
p = density of the gas mixture 
m 
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G= superficial mass velocity 
µ=viscosity of the gas mixture 
m 
DA = bulk diffusivity of component A through the gas mixture 
,m 
and Jo 1s an empirical function of Reynolds number (d G/µ) p m 
d G 
Jo= !(--E---) 
m 
m 
where d = diameter of the catalyst pellet. 
p 
(26) 
From equations (24)-(26), the following equation is obtained for the 
concentration gradient 
( I D )2/3 rn µm Pm Am 
__ c ________ 1 ______ _ (27) 
a (j 0G/p) m m 
Assuming ideal gas law to be obeyed, the partial pressure gradient can 
be obtained from 
(28) 
where R 1s the universal gas constant. 
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In an analogous way, the temperature gradient for the same steady 
state rate of the reaction can be calculated [42] from the equation 
where 
r (-i\H) T - T = ____ E ______ _ 
s b h 
fam 
hf= heat transfer coefficient 
(-i\H)= heat of reaction 
(29) 
Ts, Tb= temperature in the bulk fluid and at the surface, 
respectively 
The heat transfer coefficient hf 1s estimated from the following 
correlation [41]: 
where 
hf am C mµm 2/3 (-------)(-----)(----E-----) 
C G at >. pm m 
C = heat capacity of the gas mixture pm 
A= thermal condutivity of the gas mixture 
m 
(30) 
and JH 1s also an empirical function of Reynolds number(d G/µ) p m 
d G 
jH = !(---E----) 
m 
m 
(31) 
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From equations (2Q)-(31), the following equation is obtained to 
calculate the temperature gradient between the bulk fluid and at the 
surface. 
(-~H)r [C µ /X ]2/ 3 Ts- Tb= _________ e __ e_m __ m ____ _ 
a j8C G m p 
(32) 
The estimates of the physical properties and the calculation of 
the partial pressure and temperature gradients are shown 1n detail in 
Appendix B. The results are summarized in Table 11. It 1s apparent 
from these data that partial pressure and temperature gradients exist 
between the bulk fluid and the catalyst surface for the case when the 
water injection rate is 6.67 mol/kg cat/hr. As shown previously, at 
the condition when water injection rate is 6.67 mol/kg cat/hr, the 
undoped Cu/ZnO catalyst exhibited the highest methanol synthesis rate 
among all the tested cesium formate-doped and undoped catalysts 
(Figure 10). Therefore, it is less likely that the reactions run over 
the cesium formate-doped catalysts are limited by the mass and heat 
transfer. However, diffusion limitations would have affected the 
measured reaction rate over the Cu/ZnO catalyst to a small degree. 
Such an effect still can be regarded as within the tolerant range and 
hence, all the reactions were assumed to be run in kinetic regimes. 
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{ 
TABLE 11 
Estimated External Partial Pressure And Temperature Gradients at 
0 235 C, 75 atm, B2/C0= 2.33, GHSV= 6120 1/kg cat/hr over the Cu/ZnO Catalyst. 
-----------------------------------------------
(a) Water Addition Rate= 6.67 mol/kg cat/hr 
-----------------------------------------------
Pb CO ' atm 9.0 
' 
(pb- ps)CO' atm 0.51 
(pb- ps)/pb 5.7 % 
(Tb- Ts), K 4.6 
----------------------------------------------
(b) Water Addition Rate= 33.3 mol/kg cat/hr 
---------------------------------------------
Pb CO' atm 9.98 
' 
(pb- ps)CO' atm 0.19 
(pb- ps)/pb 1.9 % 
(Tb- Ts), K 1.1 
--------------------------------------------
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3.8 Estimate of I~traparticle Diffusion Limitations and Internal 
Maximum Temperature Differences 
Pore diffusion and temperature gradients inside the catalyst 
particles are just as important as the external mass and heat transfer 
limitations in heterogeneously catalyzed reactions. This section 
describes the attempts to calculate whether these effects are 
important in the present experiments. The s~me two illustrative 
points as chosen in last section were used for the calculations. 
A general reaction rate can be written 1n the form 
r (C)= k g(C) p V (33) 
where k 1s the unknown rate constant and g(C) contains the 
V 
concentration dependence. A general criterion for the absence of pore 
diffusion limitations [42] 1s 
where 
(rp)obsL2 2J~s (De/De)g(C)dC 
= ____________ << ____ s,eg ______________ _ 
D C 
e s 
D = effective diffusivity 
e 
C g(C ) 
s s 
D = average value of effective diffusivity. 
e 
;= the Thiele modulus 
,= effectiveness factor 
L= characteristic length of the pellet 
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(34) 
' C = surface concentration at equilibrium s,eq 
Alternatively, the same criterion is written as [42] 
2 (r ) b L t= ___ e_o_s ___ _ 
D C 
e s 
g(C) 
s << ------------
c g' (C ) 
s s 
(35) 
where g'=dg/dC. For a reaction with simple order, g(C)=Cn gives [42] 
t« 2/(n+l) (36) 
The rate expression for methanol synthesis in the presence 
of water is not known. For the reaction conditions under which 
methanol synthesis rate reached a maximum (with water injection rate 
of 6.67 mol/kg cat/hr), a first order reaction was assumed to 
determine whether pore diffusion limits the reaction or not. For a 
simple first order reaction, the general criterion for the absence of 
pore diffusion limitation 1s reduced to the well-known Weisz-Prater 
criterion [42]. 
2 (r ) b L t = ___ e_o_s ____ << 1 
D C 
e s 
(37) 
At the condition at which the WGS reaction was predominant 
and near equilibrium (with water injectin rate of 33.3 mol/kg cat/hr), 
pseudo first order and reversible reaction with respect to carbon 
monoxide of the WGS reaction was assumed. For a first order and 
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reversible reaction, the criterion for no pore diffusion limitation 
[42] is 
(38) 
The detailed calculations oft at the above mentioned 
conditions are given in Appendix C. twas found to be 0.09 for both 
conditions. This indicates that there is no intraparticle diffusion 
limitation at either of the extreme conditions chosen for the 
calculations. It has earlier been concluded by Vedage [5] that there 
is no pore diffusion limitation during the water dependence study of 
the methanol synthesis rate over Cu/ZnO (30/70) catalysts. Vedage [5] 
observed a similar water dependence of methanol synthesis rate 
(Figure 2) over a Cu/ZnO (67/33) catalyst which had a lower micropore 
volume and lower surface area than the Cu/ZnO (30/70) catalyst. This 
result can be taken as an indication of the absence of pore diffusion. 
The maximum temperature difference (~Ts)max 1n a catalyst 
particle is obtained [42] from the equation 
(~Ts)max 
--------- = 
(-~B)D C 
e s 
---------- - p (39) 
T 
s 
A T 
e s 
where Xis the effective thermal condutivity of the pellet. 
e 
As shown in Appendix C, the resulting maximum temperature 
differences in one catalyst particle were 1.7 and 1.1 Kat the 
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conditions when water addition rates were 6.67 and 33.3 mol/kg cat/hr, 
respectively over the undoped Cu/ZnO catalyst. The temperature 
gradients within the catalyst particles are therefore small and 
negligible, indicating the isothermality of the catalyst particles. 
However, the whole procedure demonstrated above is a 
theoretical calculation. The results are strongly dependent on the 
estimate of the physical properties and constants, and the empirical 
equations used. The more reliable way to determine the problem of 
diffusion limitations is to perform the experiments. The presence or 
absence of external diffusion limitations can be shown by observing 
the changes in the reaction rate by using different amounts of the 
catalyst in the integral reactors with an identical space-time. 
Similarly, the presence or absence of internal diffusion limitations 
can be proven by measuring the changes 1n the reaction rate by using 
different pellet sizes of the catalyst at the same conditions [41]. 
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4.0 DISCUSSION 
4.1 The Methanol Synthesis 
It is evident from Figure 9 that cesium formate doping of 
Cu/ZnO (30/70) catalyst resulted 1n an enhancement in the methanol 
synthesis rate in the water-free and CO2-free CO/B2 synthesis gas. 
The rate of methanol synthesis increased sharply up to a doping level 
of approximately 0.4 mol% of cesium formate, after which the rate 
increased only slightly with further increasing concentration of 
cesium formate. The promotion of methanol synthesis by the doping of 
the Cu/ZnO catalyst by cesium formate can be attributed to the strong 
basicity of the cesium hydroxide formed during the reaction which 
increases the rate of activation of carbon monoxide 
and hence the surface concentration of formate. Quantum chemical 
calculations have shown that the reaction (equation (40)) is 
exothermic and proceeds with a very low activation energy, whereas the 
subsequent isomerization (equation (41)) occurs with an activation 
barrier [51]. It is suggested that the cesium promotion of the 
methanol synthesis by (a) rendering the counterion OH- basic such that 
the nucleophilic attack of CO occurs with ease; (b) allowing the 
-65-
reaction heat of equation (40) to be channeled to reaction (41) by 
ensuring the adiabaticity of both reactions. 
The surface formate is further reduced by hydrogen activated 
on the Cu/ZnO surface to give an increased yield of methanol. 
Enhancement in the activation of carbon monoxide has been reported by 
the doping of KN03 on alumina-supported iron catalysts used in Fisher-
Tropsch reaction [52]. The slight increase in the methanol synthesis 
rate at higher than 0.4 mol% cesium formate on Cu/ZnO catalyst can be 
rationalized on the basis of the limited availability of hydrogen 
activation sites and the excess cesium blocking some hydrogen 
activation sites on the Cu/ZnO catalyst, resulting in a reduction in 
the methanol synthesis rate. 
It can be seen from Figure 10 that methanol synthesis 
activities of the cesium formate-doped and undoped Cu/ZnO catalysts 
depended strongly on the water content of the synthesis gas feed. At 
intermediate water addition rates (3-17 mol/kg cat/hr), the undoped 
catalyst was more active than the cesium formate-doped catalyst. This 
apparent loss of activity can be accounted for by the loss in the 
surface area of the Cu/ZnO catalyst (Table 9) on doping with cesium 
formate. The appreciable loss of surface area was not observed when 
the doping of cesium formate was done directly after calcination stage 
rather than after reduction of CuO/ZnO catalyst. The surface areas of 
the Cu/ZnO catalysts doped with cesium formate after calcination 
ranged from 32 to 36 m2/g after testing in the water-free and CO2-free 
synthesis gas at 250°C, 75 atm. The methanol synthesis activities 
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• 
were very comparable with those represented herein [53]. In fact, the 
specific activity 
methanol produced 
for methanol synthesis (Figure 12), expressed in g 
2 perm of the catalyst per hour, is almost the same 
on the undoped as well as on the cesium formate-doped catalysts (doped 
after reduction) at intermediate water injection rates. It is also 
seen from Figure 12 that methanol activities are also promoted on the 
cesium formate-doped catalysts at low water injection rates 
-2 (< 3 mol/kg cat/hr) and a comparable maximum activity of 4*10 g 
methanol per m2 catalyst per hour is reached on all the catalysts. 
However, the maximum is attained at different water injection rates on 
different catalysts and there is a tendency for the maximum to be 
reached at lower water concentrations as the cesium concentration of 
the doped catalysts increases. These results can be rationalized on 
the basis of the mechanism proposed by Vedage et al. [8] for methanol 
synthesis and the WGS reaction. According to this mechanism, shown 1n 
Figure 1, there is a common intermediate shared by the WGS and the 
methanol synthesis reactions. This common intermediate is the surface 
formate formed by the reaction between absorbed CO and the surface 
hydroxyl groups. The initial effect of water addition to the 
synthesis gas would be to increase the number of surface hydroxyls on 
the undoped catalyst which results in an increase in the rate of 
formate formation. The maximum 1n methanol synthesis activity on 
water addition is then obtained at an optimum concentration of 
hydroxyl groups on the surface. On doping the Cu/ZnO catalyst with 
cesium, the number of surface hydroxyls of the catalyst is increased 
and hence the optimum concentration of hydroxyls on the surface 
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Figure 12- The yields of methanol(g/m2 cat/hr) as a function of 
water injection rate in the feed over the cesium 0 
formate-doped and undoped Cu/ZnO catalysts at 235 C, 75 
atm, H2/CO= 2.33, and GHSV= 6120 1/kg cat/hr. 
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corresponding to the maximum activity on the undoped catalyst would be 
achieved at lower water addition rates. 
When large quantity of water is pumped into the synthesis 
gas feed, the methanol synthesis activity is reduced due to the 
blocking of hydrogen activating sites by water. However, the WGS 
reaction proceeds at high rates even at high water concentrations. The 
cesium formate-doped catalysts are more active for methanol synthesis 
than the undoped catalyst at large water addition rates. This is 
because the cesium formate-doped catalysts are better shift catalysts 
than the undoped catalyst as can be seen qualitatively from the data 
in Table 8. As a result, the added water is converted to CO2 more 
effectively by the doped catalyst than by the undoped catalyst. It 
has been shown by Yedage et al. [8] that water is a stronger inhibitor 
of methanol synthesis than CO 2 at high concentrations of the additive. 
Hence, the cesium formate-doped catalysts are less inhibited for 
methanol synthesis than the undoped catalyst at high water 
concentrations. 
4.2 The WGS Reaction 
In order to confirm the promotion of the WGS reaction by the 
cesium formate doping of Cu/ZnO catalyst, the rate constant for the 
forward shift reaction was calculated. 1-5 % external pressure 
gradients estimated (Appendix B) during the water dependence studies 
was regarded as within the tolerance range, no external and internal 
mass and heat transfer limitation was considered in the derivation of 
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kinetic equations for the WGS reaction. The derivation of kinetic 
equation used in the calculation of rate constants is shown in 
Appendix D. The simultaneous occurrence of methanol synthesis has 
been taken into account in the derivation of the kinetic equation. 
Due to the non-availability of adequate rate expression for methanol 
synthesis rate during water dependence study, mean partial pressures 
of hydrogen and carbon monoxide between the inlet and exit of the 
reactor were used. Also, the observed ratio (K= Pa Pco / PcoPH o) 
2 2 2 
calculated from experimental data for the WGS reaction on cesium 
formate-doped and undoped catalysts in the presence of water were 
close to the theoretical equilibrium constant as shown in Figure 13. 
Hence the reverse WGS reaction was considered 1n the derivation of 
equations in Appendix D. The equilibrium constant K (= 82.25) at p 
235°C, 75 atm was calculated according to the empirical equations 
presented in [54], which is given as 
-3 3.27*10 [exp(11678/T)] (1-A2P) K = -------------11 ________________ _ 
p 3.826*10 exp(6851/T) 
(42) 
where -4 A2= 4.24*10 exp(1107/T) 
A rate equation for the WGS reaction which is the same form as that 
shown in [16] over the Cu/Zn0/Al2o3 catalysts has been used 1n the 
derivation: 
, 
rwcs= ks ( fcofH
2
0- fco
2
fH
2
/ Keq) (43) 
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' where ks 1s the specific forward rate constant in terms of fugacity. 
The final equation for the specific forward rate constant k in terms 
s 
of partial pressure of the WGS reaction is expressed as 
( 0 0 
- F -(aM L/R)F ff) aL 
k = 
s 
' 2 
* [ln (1- ------- )] 
a L,eq 
(44) 
where 
F0 = the initial total molar flow rate in the feed 
F~ = the initial molar flow rate of H2 in the feed 
2 
(p.)= the average partial pressure of component i along the 
1 
reactor 
P= the total pressure 
R= the flow rate ratio of the H2/CO synthesis gas 1n the feed(=2.33) 
S= the surface area of the tested catalyst 
aM L= the steady state conversion of CO to methanol at the exit 
' of the reactor 
aL= the steady state conversion of H20 to CO2 by the WGS 
reaction at the exit of the reactor 
The specific forward rate constant k calculated for the WGS reaction 
s 
has been plotted in Figure 14 as a function of the water injection 
rates. It is seen that the values of k are fairly independent of the 
s 
injection rate of water for each catalyst. The average value of k on s 
all the catalysts are summarized in Table 12 and plotted in Figure 15. 
The calculated values k for the cesium formate-doped catalysts were 
s 
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TABLE 12 
The Average Forward Rate Constants (k) of the WGS Reaction over 
the Cesium Formate-Doped Cu/ZnO (30/7a6 Catalists at 235°C, 75 atm, 
and the Undoped Cu/ZnO Catalyst at 235 C, 225 C, 215°C, and 190°C 
and 75 atm. The Synthesi~ Gas is H2/CO= 2.332with2 GHSV= 6120 1/kg cat/hr. k in units of mol/m /atm /hr. 
s 
----------------------------------------------------------------
Catalysts 
Cs/Cu/ZnO 
Temperature 
(OC) 
Forward Rate Constants (k) 
s 
-----------------------------------------------------------------
0/30/70 
0.1/30/70 
0.2/30/70 
0.4/30/70 
0.8/30/70 
235 
225 
215 
190 
235 
235 
235 
235 
1.65 + 0.06 
-
1. 47 + 0. 22 
-
1.18+0.19 
-
1. 03 + 0. 26 
-
3.81 + 0.51 
-
3.65 + 0.48 
-
3.53 + 0.47 
-
3.95 + 0.65 
-
-----------------------------------------------------------------
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always greater than those for the undoped catalyst at all water 
concentrations. 
It is interesting to note that the rate constant of the WGS 
reaction in equation (44) is proportional to ln(a1 - a1). This is ,eq 
consistent with the conclusion which has been found generally valid 
near equilibrium, 1.e. all reactions are first order with respect to 
the driving force (X - X), where X, X are the conversion and the 
e e 
conversion at equilibrium, respectively [55]. 
A thermodynamic approach at near equilibrium which has been 
shown in Boudart's book [55] was applied 1n here to further verify the 
k values of the WGS reaction calculated above. As demonstrated 
s 
earlier, the WGS reaction at the reaction conditions was near 
equilibrium, i.e. IAGI<< RT in terms of thermodynamics, where AG is 
the Gibbs free energy difference between its governing and equilibrium 
value. AG of the WGS reaction can be expressed as 
The results calculated from this equation are tabulated in Table 13. 
The calculated values of AG for the undoped and cesium formate-doped 
Cu/ZnO catalysts at different water injection rates ranged from 0.1 to 
-0.8 for all the steady state exit concentrations listed in Table 7. 
The values of IAGI/RT obtained for the undoped Cu/ZnO catalyst are 
higher than those obtained for cesium formate-doped Cu/ZnO catalysts. 
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TABLE 13 
Driving Force of 6G/RT Obtained at the Exit of the Reactor at 235°C, 
75 atm, over the Undoped and Cesium Formate-Doped Cu/ZnO Catalysts. 
----------------------------------------------------------------------
CsOOCH/Cu/ZnO 
Water Injection --------------------------------------------------
Rate(mol/kg cat/hr) 0/30/70 0.1/30/70 0.2/30/70 0.4/30/70 0.8/30/70 
----------------------------------------------------------------------
1.33 -0.55 
2 -0.36 -0.79 
4 -0.33 -0.19 
5.32 -0.27 -0.20 
6.68 -0.22 -0.008 -0.38 -0.25 -0.29 
13.32 -0.23 -0.15 -0.19 -0.23 -0.22 
20.0 -0.68 -0.05 -0.19 -0.33 -0.34 
26.8 -0.61 0.05 -0.15 -0.28 -0.23 
33.2 -0.58 0.11 -0.06 -0.17 -0.05 
--------------------·-------------------------------------------------
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It should be noted that the initial flow rates of CO and H2 
that were used in the theoretical calculation of the equilibrium flow 
rate of the WGS reaction at 235°C, 75 atm were obtained after 
accounting for the rates of CO and H2 utilized for methanol and methyl 
formate syntheses. To do this, the relationships for stoichiometric 
coefficients presented in the following equations were used. 
CO+ 2H -----> CH OH 2 3 (1) 
2CO + 2H -----> HCOOCH 2 3 (46) 
1.e. the initial CO flow rate involved in the WGS reaction= F~0-
FCH OH- 2FHCOOCH and the initial H2 flow rate involved in the WGS 3 3 
reaction= F~ - 2FCH OH- 2FHCOOCH . 
2 3 3 
Also, at high pressure conditions, fugacity of each 
component was used to calculate 6G/RT. Since f.= 7.p., it was 1 1 1 
necessary to calculate the fugacity coefficient(7.) before 6G/RT could 1 
be calculated. The calculation of 7. is given in Appendix E. The 
1 
resulting fugacity coefficients for CO, H20, CO2, and H2 are 1.02, 
0.75, 0.95, 1.02, respectively. 
Using the assumption of a single rate-determining step, the 
reaction rater can be determined from the driving force 6G/RT of the 
reaction as follows [55] 
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i 
1 
!1 
I 
j 
: ,.. I 
r= r (1- eAG/RT) ( 47) 
e 
where r 1s the forward or reverse rate at equilibrium. As shown 1n 
e 
Boudart's book [55], the reaction rater becomes linear with the 
driving force AG/RT and with the generalized conversion driving force 
(X -X) for IAGI/RT << 1, under which conditions the equation (47) can 
e 
be written as 
r= r (-AG/RT) 
e 
(48) 
and r= k (X -X) 
s e 
(49) 
re was expressed in terms of partial pressures of CO and H20 at 
equilibrium in the forward direction of the WGS reaction as follows 
r = k p p 
e s CO, e H20, e 
(50) 
where fork the average specific forward rate constants of the WGS 
s 
reaction calculated from equation (44) and shown in Table 12 were 
used. The reaction rater was calculated at the reactor exit 
according to equation (43). From Table 13, the value -0.7 for AG/RT, 
determined from the exit composition for the Cu/ZnO catalyst, was not 
sufficiently small for such linear relationship to hold. Hence, a 
more accurate treatment was undertaken. The modification of the 
original version was made by expanding the exponential term in 
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{ 
I 
I: ): 
t 
n 
; . f. 
' 
equation (47) into a third degree polynomial in Taylor series as 
follows 
e~G/RT= 1-A(X -X)+ 
e 
[(A2-B)/2] (X -X) 2+ [(-A3+3AB-2C)/6] (X -X) 3 
e e 
(51) 
where A= (1/FCO +1/FH O +1/FCO +1/FH ) 
,e 2 ,e 2,e 2,e 
2 2 2 2 B= (-1/Fco -1/FH O +1/Fco + 1/FH ) 
,e 2 ,e 2,e 2,e 
3 3 3 3 C= (1/Fco +1/FH O +1/Fco +1/FH ) 
,e 2 ,e 2,e 2,e 
Substituting this expanded term into equation (47) gives 
2 2 3 3 
r= r (A(X -X)-[(A -B)/2] (X -X) +[(A -3AB +20)/6] (X -X) ) 
e e e e 
(52) 
The detailed derivation of the above equations is shown in Appendix E. 
The generalized conversion driving force (X -X) was replaced in terms 
e 
of water conversion driving force (F820-F820 ,e) since it gave the most 
accurate and satisfactory result after reviewing all the experimental 
data in terms of other components. In such a case, 
r= dX/dt= -dFH 0/dt 2 
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(53) 
l 
!( 
and (54) 
Combining equations (52), (53), and (54), and rearranging, 
equation (55) was obtained. 
From this equation, the forward rate constant k can be obtained from 
s 
the slope of the plot of (1/pCO,epH
2
0,e)(-dFH
2
0/dt) vs (A(F820-
2 2 3 3 FH O )-[(A -B)/2] (FH 0- FH O ) + [(A -3AB+2C)/6] (FH 0-FH O ) ) 2 ,e 2 2 ,e 2 2 ,e 
(=f(FH 0-F8 0 )) . The results of the plot are shown in Figure 16 
- 2 2 ,e 
(since the calculation resulted in negative reaction rater values, 
the results of 0.1 mole% cesium formate have not been included). The 
slopes obtained from this figure using linear least squares method are 
tabulated in Table 14. This serves as an internal check on the 
results obtained using the kinetic equations derived in Appendix D. 
An excellent agreement in forward rate constant k values has been 
s 
obtained from the two different methods (Tables 12 and 14), indicating 
the internal consistency of the kinetic treatment presented herein. 
All these calculations clearly demonstrate that cesium doping of 
Cu/ZnO catalyst promotes the WGS reaction. 
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Figure 16- The differential reduc~d rate of water consumption by 
the WGS reaction vs the driving force (1-exp(AG/RT)) 
approximated by the third order polynomial f(FH 0-2 2 3 - 2 3 FH O ), f(y)= Ay-(l/2)(A -B)y +(1/6)(A -3AB+2CJy 
2 ,e -
according to Equation (55). The forward rate constant 
k of the WGS reaction over the cesium formate-doped and 
S 0 
undoped Cu/ZnO catalysts at 235 C, 75 atm, H /CO= 2.33, 
and GHSV= 6120 1/kg cat/hr is obtained from ~he slope of 
the plot. 
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TABLE 14 
The Forward Rate Constants k of the WGS Reaction at 235°C, 75 atm 
over the Undoped and Cesium formate-Doped Cu/ZnO Catalysts Obtained 
from th2 S!ope of the Plot According to Equation (55). ks 1s 1n 
mol/atm /11 /hr. 
Catalysts 
(CsOOCB/Cu/ZnO) 
0/30/70 
0.2/30/70 
0.4/30/70 
0.8/30/70 
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1.61 
3.83 
3.15 
2.33 
1 
l 
Even though cesium doping increased the value of k when 
s 
compared to that over the undoped catalyst, there seems to be not much 
change in the k values obtained on doped catalysts with different 
s 
cesium concentrations. A similar effect has been reported for K2co3 
doping of alumina catalysts [37]. 
Vedage et al. [8] had studied the effect of water injection 
on methanol synthesis rate over the undoped Cu/ZnO catalyst at 
different temperatures (1Q0°C -235°C). These results were used in the 
present calculation of the forward rate constant k at different water s 
concentrations at different temperatures. The k values so obtained s 
have been plotted as a function of the water injection rate in 
Figure 17 and the average values of k at different temperatures are 
s 
summarized in Table 12. From these average k values, the activation 
s 
energy for the forward WGS reaction over the (30/70) Cu/ZnO catalyst 
can be obtained from the Arrhenius plot shown in Figure 18 and was 
found to be 6.4•1.4 kcal/mol. This activation energy for the WGS 
reaction has been compared with those reported in the literature for 
copper-based catalysts in Table 15. The activation energy obtained 
over the (30/70) Cu/ZnO catalyst is comparable with that reported by 
Uchida et al. [56] over the Cu/ZnO catalyst (atomic ratio= 0.45/1). 
The variation in the reported activation energies of the WGS reaction 
for copper-based catalysts is probably due to the different degree to 
which intraparticle diffusion [58] limits the kinetics. In Table 15, 
the results reported by Campbell [31] show that the Arrhenius plot of 
the rate constants resulted in two separate regions and with two 
different activation energies(12 and 28 kcal/mo!, respectively). 
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TABLE 16 
Activation Energies of the WGS Reaction over Copper-Based 
Catalysts 
------------------------------------------------------------------
Catalysts Temperature 
0 Range ( C) 
P(atm) Gas Mixture E (kcal/mol) Ref 
a 
------------------------------------------------------------------
Cu/ZnD 140-500 
(atomic 
ratio= 
0.45 1 
Cu/ZnD/Al 140-500 
(atomic 
ratio= 
0.48 
0.5 1) 
Cu/Al 140-500 
(atomic 
ratio= 
0.21 : 1 
CuO/ZnD/ 150-225 
Cr2o3 (molecular 
ratio= 
0.24:1:0.24 
CuO/ZnD/ 172-228 
Fe2D3 (wt% 32.2/ 
61. 8/1. 6) 
1 10 [56] 
1 11. 7 [56] 
1 8.9 [56] 
1 26.8 [57] 
1 16.0 [24] 
Cu/ZnO/ 
Al2D3 
180-280 13 12(T>200°C)~ [31] 
28(T<200°C) 
--------------------------------------------------------------------
a: reaction was indicated to be controlled by pore diffusion 
limitation 
b: reaction was indicated to be in the kinetic region 
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This approximate halving of the activation energy from the low 
temperature region to the high temperature region, indicated a change 
from chemically controlled reaction to a pore diffusion-limitation 
reaction. 
4.3 The Formation of Methyl Formate 
The synthesis rate of methyl formate was in proportion to 
that of methanol over the cesium formate-doped Cu/ZnO catalysts in the 
whole range of water injection rates (Figure 19), indicating that an 
equilibrium was approached between methyl formate and methanol during 
the water dependence studies. To find the plausible pathway for the 
production of methyl formate from methanol, a comparison of the 
theoretical equilibrium constant for the reaction under consideration 
and the experimental ratio of partial pressure of products and 
reactants was made. The reactions considered were: 
2CH OH<======> 3 
CO+ CH OH<======> 3 HCOOCH3 
(56) 
(57) 
The theoretical equilibrium constant calculation, for instance, of 
reaction (57) is shown in Appendix F. The results of the experimental 
ratio of products/reactants obtained over the cesium formate-doped 
Cu/ZnO catalysts at different water injection rates are represented 1n 
Figure 20. For comparison, the theoretical equilibrium constant has 
been represented by a dashed line. The calculated ratio over the 
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: i 
cesium formate-doped catalysts is much more closer to the theoretical 
equilibrium constant of reaction (57). Thermodynamically, this may 
exclude the coupling reaction of methanol (reaction (56)) to form the 
methyl formate. Based on the reaction (57), the results of the 
theoretical equilibrium yield of methyl formate calculated from the 
-4 theoretical equilibrium constant (= 6.3*10 ) and the experimental 
data over the cesium formate-doped Cu/ZnO catalysts are plotted 
against the yield of methanol and is shown in Figure 21. Although the 
reaction between CO and methanol is a possible way to form methyl 
formate, one can not neglect other possible reactions, such as those 
involving fomaldehyde regardless of the fact that no formaldehyde has 
been observed in the final products. Three possible reactions involve 
formaldehyde are shown as follows: 
(a) Formaldehyde dimerization (Tischenko reaction) 
HCHD + HCHD -------> HCOOCH3 (58) 
(b) Methanol reacting with formaldehyde via a surface 
hemiacetal intermediate 
CB OB+ BCBO -------> CB OCH OB 3 3 2 (59a) 
(c) Coupling reaction between surface methoxyl and CHO 
groups 
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CHO + CHO ------> HCOOCH 3 (a) (a) 3 (60) 
Since the calulated theoretical equilibrium constant of reaction (58) 
(= 1.03•105 at 235°C, 75 atm) is large, the reaction is favored to 
proceed to the right hand side of the equilibrium, i.e. methyl 
formate. Hence, no formaldehyde is expected to be detected in the 
final products within experimental errors. 
Recently Cant et al. [59] studied the dehydrogenation of 
methanol to methyl formate using a mixture of CH30H and isotopically 
labelled CD30H in the ratio 1:3 over copper-chromite catalysts. The 
mass spectra results clearly showed the presence of d2-methyl formate 
with molecular weight (M.W.)= 62 and indicated that methyl formate is 
possibly produced by either of the two reactions (equations (58) and 
(59)) and ruled out the reaction (60) since reaction (60) can possibly 
result in only HCOOCH3(M.W=60), DCOOCH3(M.W=61), HCOOCD3(M.W=63), and 
DCOOCD
3
(M.W=64) and cannot produce the d2-methyl formate. However, 
the% Din the methyl groups of methyl formate and methanol were so 
comparable that transestification 
which randomizes the attachment of methyl group to ester and hydroxyl 
functions is close to equilibrium and the Tischenko reaction 
(equation (58)) and hemiacetal (equation (59)) mechanisms cannot be 
distinguished. Further studies are necessary to resolve the 
mechanism. 
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6.0 CONCLUSIONS 
1. Methanol synthesis rates in the absence of water in the 
synthesis gas feed was promoted more than two times by doping the 
Cu/ZnO catalyst with cesium formate up to 0.4 mole% nominal 
concentration, after which the activity increased only slightly. The 
promotional effect of cesium ion has been attributed to its ability to 
make its counter ion, OH-, more basic. The increased basicity of OH 
resultes in an increase in the rate of nucleophilic attack of CO by 
OH in the first step of the synthesis mechanism. Cesium formate 
concentration in excess of 0.4 mol% could block hydrogen activation 
sites and this accounts for the slight increase in the methanol 
synthesis rate after this concentration. 
2. The specific activities for methanol syntheis of the cesium 
formate-doped catalysts were promoted at low water concentrations, and 
they were comparable to that of undoped Cu/ZnO catalyst at 
intermediate water concentrations. A maximum in methanol yield was 
observed over both the undoped and cesium formate-doped Cu/ZnO 
catalysts as the water concentration in the synthesis gas feed was 
increased. The maximum ocurred at lower water injection rate as the 
cesium fromate doping concentration of the Cu/ZnO catalyst increased. 
This was rationalized on the basis that the maxm1um activity 
corresponded to an optimum concentration of surface hydroxyls; the 
surface hydroxyls can be introduced by either injecting the water 1n 
the feed or by doping the cesium formate on the catalysts. The 
optimum concentration of surface hydroxyls corresponding to the 
-94-
achieved at lower water injection rate on cesium formate-doped 
catalysts than on undoped Cu/ZnO catlyst. 
3. At high water concentrations in the feed, the cesium formate-
doped catalysts exhibited a higher activity than the undoped catalyst. 
This has been attributed to the promotion of the WGS reaction by the 
doping of cesium formate which can remove the excess water as CO2 and 
render surface sites for activation of hydrogen. The promotion of the 
WGS reaction was further demonstrated by quantitative calculation of 
the forward rate constants of the WGS reaction by two different 
approaches, the results of which were in agreement. The forward rate 
constants of the WGS reaction on cesium formate-doped catalysts were 
higher than that on the undoped Cu/ZnO catalyst. 
4. The possible reaction pathways for the formation of methyl 
formate were analyzed from a thermodynamic point of view. It was 
found that the formation of methyl formate is possibly realized 
through the reaction between carbon monoxide and methanol. 
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APPENDIX A 
Example of the Determination of Product Distribution from 
Gas Chromatographic Data 
Conditions: 2.55188 of 0.1% CsOOCH-doped Cu/ZnO (=30/70) catalyst at 235 C and 75 atm, H /CO= 2.33, water injection 
rate= 6.67 mol/kg cat7hr, and GHSV = 6120 1/kg cat/hr 
1. Calculate the relative molar concentration from GC data. The GC 
data were corrected for the sensitivities of each component by 
dividing the integrated areas by the respective response factors 
followed by the normalization of these numbers to give the percent 
molar concentration. An example of the calculations is given in 
Table A-1 
TABLE A-1 
Example of the Determination of the Molar Concentrations 
from GC Data 
----------------------------------------------------------------------
Component Integrated 
Area(%) 
Thermal Response 
Factor (TRF) 
Area/TRF Relative 
molar cone. (%) 
----------------------------------------------------------------------
co 50.966 42 1.2135 52.944 
CO2 8.495 
48 0.1770 7.722 
BH4 0.223 
35.7 0.0063 0.273 
B20 0.221 
33 0.0067 0.292 
CH30H 39.810 
45 0.8847 38.598 
HCOOCB3 0.284 
72 0.0039 0.172 
100. 2.2921 100.0 
----------------------------------------------------------------------
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2. The percent distribution of oxygen atoms among the products was 
calculated using the relative molar concentration values, e.g. 
% of oxygen as CO 
= 52.944/(52.944+2(7.722)+0.292+38.598+2(0.172)) 
= 49.194 
3. The material balances were based on the number of carbon and 
oxygen atoms entering and leaving the reactor at steady state. 
For an inlet flow rate= 15 1/hr at 25°C and 1 atm with water 
injection rate= 0.0167 mol/hr, the number of mols was calculated 
as follows: 
CO in= (15 1/hr)(0.3)/(24.45 1/mol) = 0.1840 mol/hr 
C in= 0.1840 mol/hr 
0 in= 0 out 
0 in= number of mols of oxygen of CO+ number of mols of oxygen of 
H 0 
= 0.1840 +0.0167 = 0.2007 mol/hr 
Assuming that all the inlet oxygen was distributed among the 
products, the number of mols of oxygen containing compounds at the 
outlet was calculated, e.g. 
Oxygen atoms 1n CO out= ( 0 in )*(fraction of oxygen as CO) 
= (0.2007 mol/hr)*(0.49194) 
= 0.0987 mol/hr 
4. The number of mols of the compounds containing only carbon and 
hydrogen was calculated by comparing the relative molar 
concentration with the calculated number of mols of CO out, e.g. 
CH
4 
out=(% relative molar concentration of CH4/% relative molar 
concentration of CO)*(oxygen atoms in CO out) 
= (0.273/52.944)(0.0987 mol/hr) = 0.00051 mol/hr 
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5. The number of mols of carbon out was calculated and compared with 
that entering the reactor. 
6. The yields expressed as the weight 0£ the product formed per 
kilogram 0£ catalyst per hour were calculated, e.g. 
Yield of CH4 = (CH4 out)*(molecular weight 0£ CH4)/(the weight of the catalyst) 
= (0.00051 mol/hr)*(16 g/mol)/(0.0025518 kg) 
= 3.14 g/kg cat/hr 
A summary of these calculations 1s given in Table A-2 £or each 
step. 
7. Error based on the carbon balance was determined as follows: 
% error= [(C 1n - C out)/(C in)] * 100 
8. The conversion to methanol as a mol percent change between the 
inlet and outlet numbers of mols of (CO+ CO2) was then calculated. 
The summation of values in step (5) gave the total number of mols 
of carbon atom leaving the reactor as 0.1862 mol/hr; therefore, the 
percent error in step (7) would be 1.20 in this example. The 
conversion to methanol was calculated in step (8) as follows: 
% conversion to methanol= 100*((0.1840+0) - (0.0987+0.0144)) / 
(0.1840+0) = 38.53 
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TABLE A-2 
Calculations for Determining the Material Balances 
Ste 
1 2 3 4 5 6 
Relative Oxygen Oxygen CHfout 1 Components Yields Component C % Atom% out,mol/hr mo /hr out,mol/hr g/kg cat/hr one. 
--------------------
--------------------
--------------------
--------
co 52.944 49.194 0.0987 0.0987 
CO2 7.722 14.350 0.028
8 0.0144 248.30 
CB4 0.273 
0.0005 0.0005 3.14 
H2o 0.292 0.271 
0.0005 
CH30H 38.598 35.864 
0.0720 0.0720 902.89 
HCOOCB3 0.172 0.320 
0.0006 0.0006 7.05 
---------
--------
---------
100.001 100. 0.1862 
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APPENDII B 
Estimate of External Mass and Heat Transfer Limitations 
List of Symbols: 
a= effective external surface per unit volume of catalyst, cm
2
/cm
3 
a = effective external surface per weight of catalyst, cm
2
/g 
m 
total external surface weight of 
2 
at = per catalyst, cm /g 
Af cross-area of the flow passed, 
2 
= 
cm 
Cb bulk concentration, mol/cm 
3 
= 
C surface concentration, mol/cm 
3 
= 
s 
C. = heat capacity of component 1, cal/mol/K 
pl 
d = diameter of the reactor, cm 
d = catalyst pellet diameter, cm 
p 
D. = diffusivity of component i through the mixture, cm
2
/s 
1,m 
D .. = binary diffusivity, cm2/s 
1, J 
G = superficial mass velocity, g/cm2/s 
Jo= mass transfer Colburn factor, 
jH = heat transfer Colburn factor, 
M. = molecular weight of component 
1 
P = total pressure, atm 
P = standard pressure(= 1 atm) 
0 
dimensionless 
dimensionless 
i, g/mol 
p. = partial pressure of component 1, atm 
1 
pb = partial pressure 1n the bulk, atm 
p = partial pressure at the surface, atm 
s 
Pr= Prandtl number(C µ/X), dimensionless p 
r = reaction rate, mol/g/s 
p 
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, I 
Re = particle Reynolds number (d G/µ), dimensionless p p 
Sc= Schmidt number (µ/(p.D )), dimensionless 
m 
s. = Sutherland constants for pure components, 
1 
Tb = bulk temperature, K 
T = surface temperature, K 
s 
T = reaction temperature, K 
T = standard temperature(= 273 K), K 
0 
K 
Tb. = boiling temperature of component 1, K 
'1 
V = molar volume of the gas at 1 atm and 273 K(= 22400 cm3/mol) 
0 
y. = mol fraction 
1 
µ.= viscosity of component 1, g/cm/s 
1 
A.= thermal conductivity of component 1, cal/cm/s/K 
1 
6.= expansion per mol of reference component i 
1 
a.= 
1 
stoichiometric coefficients, in 
a
82
= -2, and aMeOH= +1, whereas 
a00= a8 o= -1 and a00 = a8 = +1 2 2 2 
the equation (1), aco= -1, 
in the equation (14J, 
v.= special diffusion parameters to be summed over atoms, 
1 groups, and structual features of the diffusing species 
p = density of gas mixture, g/cm3 
m 
3 pB= bulk density of catalyst, g/cm 
EB= porosity of the bed 
(-AH)= reaction heat, cal/mol 
;= particle shape factor(= 1) 
Some knowledge or an estimate of the values of physical 
constants and properties of the reacting gas mixture is necessary 
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before the evaluation of mass and heat gradients utilizing equations 
(27) and (32) on pages 57 and 59, respectively can be made. The 
physical constants and properties can be obtained from the literatures 
or estimated from empirical correlations. The exit composition of 
each component along with its physical properties (including 
viscosity, thermal conductivity, heat capacity, and boiling 
temperature) at 235°C, 75 atm, and water injection rates of 6.67 and 
33.3 mol/kg cat/hr, respectively, over the undoped Cu/ZnO catalyst, 
are tabulated in Table B-1. 
(I) External Mass Transfer Limitation 
(a) At the condition when the water injection rate is 6.67 
mol/kg cat/hr, H2/CO = 2.33, G~SV = 6120 1/kg c
at/hr over the 
undoped Cu/ZnO catalyst at 235 C, 75 atm. 
From the Stefan-Maxwell equation and the stoichiometry of 
the reaction, the mean binary diffusivity of species j through the gas 
mixture is given [42] by 
1 1 N 1 ak 
------ = ------- E [yk+ yj-------] (Bl) 
D. (1+6.y.) k=j Djk la. I J,m J J J 
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TABLE B-1 
The Exit Composition of Each Component and Its Physical 
Properties at 235°C, 75 atm, H2/CO = 2.33, GHSV = 6120 1/kg cat/hr. 
----------------
----------------
----------------
----------------
-----
co Re£ 
----------------
----------------
----------------
----------------
exit composition 
(mol fraction) 0.556 0.120 0.040 0.0028 0.281 
at water injection rate 
= 6.67 mol/kg cat/hr 
exit composition 
(mol fraction) 0.724 0.133 0.116 0.014 0.014 
at water injection rate 
= 33.3 mol/kg cat/hr 
*104 viscosity, µ. 1. 28 2.64 2.51 11.48 5.15 [43], 
(g/cm/s) 1 [ 44] 
thermal 
*104 2.40b conductivity,).. 6.45 0.98a 0.88 115.2 [ 44] 
(cal/cm/s) 1 
Tb (boiling 
temperature, K) 20.2 81.5 194.5 373.1 337.7 [ 45] 
C (heat capacity, 
Pcal/mol/K) 6.99 7.129 10.695 8.429 14.61 [ 45] 
-----------------
-----------------
-----------------
-----------------
-
a: estimated from the experimental data of Acn at 235°C, 1 atm using 
the met~~d shown in reference [47]. AC0(at 235°C, 1 atm)= 
0.89*10 cal/cm/s. 
b: obtained by intrapolating the experimental data between 50 and 200 
atm at 510 K given in reference [45] 
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Under the reactor conditions, the primary reaction was methanol 
synthesis 
CO+ 2H -----> CH OH 2 3 
(1) 
Under these conditions, the mean binary diffusivity for CO diffusing 
through the gas mixture 1s 
1 
D CO,m 
1 1 1 
[----- (yH -2Yco)+ ------(yMeOH+Yco)J 
D 2 D CO,H2 CO,MeOH 
(B2) 
Theoretical values of binary diffusivities of DCO,H2 
and DCO,MeOH can 
be obtained from the semiempirical relation of Fuller-Schettler-
Giddings formula [46] which is shown as 
(B3) 
The diffusion parameters (Ev) of H2 and CO can be obtained from 
reference [46] which are given as 
(Ev)H = 7 .07 
2 
(Ev) co= 18. g 
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whereas the diffusion parameter of methanol 1s calculated from those 
of carbon, hydrogen, and oxygen [46] 
By substituting the molecular weight M., and the diffusion 
1 
parameter (Ev.) into equation (B3), at 235°C, 75 atm 
1 
2 
DCO H = 0.02526 cm /s 
' 2 
2 
DCO,MeOH= 0.00564 cm /s 
Substituting the exit compositions and the individual binary 
diffusivities into equation (B2), the mean diffusivity for CO through 
the gas mixture can be obtained 
-3 2 
DCO,m = 9.09*10 cm /s 
To estimate the viscosity of the gas mixture, the Wilke's 
equation [47] is appropriate and hence will be used 
in which 
µ = 
m 
µ. 
1 
---------------
n 
1 + E (y. /y.); .. j=l J 1 lJ 
l Mi -1/2 
; .. = --7-(l+ ----) [ 
1J 81 2 M. J 
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(B4) 
The result obtained £or the viscosity of the mixture 1s 
-4 µ = 3.46*10 g/cm/s 
m 
The molecular weight of the mixture M 1s m 
M = E y.M.= 15.3 g/mol 
m . 1 1 
1 
and the density of the mixture Pm 1s 
M T P 3 m o p = --------= 0.0275 g/cm 
m VT P 
0 0 
Next, with the calculated values of µm' pm, and DCO,m' the Schmidt 
number Sc is obtained 
Sc= 
µm 
= 1.39 
The diameter d of the reactor used was 1.8 cm and the porosity of 
the bed EB was assumed to be 0.4. The total cross-area that the £low 
passed is given by 
2 2 A£= (wd /4)EB = 1.02 cm 
-110-
r:.,. 
The initial average molecular weight of the reactant mixture 1s 
2 * 0.68 + 28 * 0.29 + 18 * 0.3= 10 g/mol 
The superficial mass velocity G is 
G= (mols of the mixture)*(initial molecular weight of the 
gas)/(total cross-area) 
= (15 1/(24.4 1/mol))*(lO g/mol)/(1.02 cm2)*(1/3600 s) 
= 1.82*10-3 g/cm2/s 
The average sized of catalyst pellet was 0.14 cm, then the particle 
p 
Reynolds number Re can be calculated p 
Re= d G/µ = 0.74 p p m 
It is common practice to correlate the experimental data in terms 
of jD factors which are defined as the following functions of Sherwood 
(k p /G) and Schmidt (µ /(p DA )) numbers g m m m ,m 
(-~g~~-)(-~~-)(---~~---)2/3 
G at pDA m ,m 
(25) 
Such a low Reynolds number can be approximately correlated to the 
following jD factor [48] 
(for 3< Re <2000) p 
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(B5) 
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The quantity r 1n equation (27) can be expressed as the rate of 
p 
methanol yield at the condition of water injection rate of 6.67 mol/kg 
cat/hr, H
2
/CO = 2.33, GHSV= 6120 1/kg cat/hr at 235°C, 75 atm over the 
undoped Cu/ZnO catalyst and is equal to 1462.94 g/kg cat/hr 
(=0.0000127 mol/g/s). 
The bulk density pB of the catalyst was estimated to be 
3 1.3 g/cm. The external surface per weight of catalyst can be 
calculated as follows: 
surface area 1 
a=--------------*-----------------------
m unit bed volume bulk density of catalyst 
= (6(1-EB)/dp] * (1/pB) 
= 19.8 cm2/g 
(B6) 
Therefore, the concentration gradient of CO between the bulk fluid and 
the catalyst surface is 
r (Sc) 2/ 3 (C - C) = ___ p ________ _ 
b s CO am(jDG/pm) 
(27) 
-5 3 
= 1.21*10 mol/cm 
The CO partial pressure difference between bulk fluid and catalyst 
surface is estimated as 
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Since the partial pressure of CO in the bulk fluid 1s 
pb= 75 * 0.120= g atm, 
(b) At the condition when the water injection rate is 33.3 
mol/kg cat/hr, B2/CO = 2.33, GHSV= 6120 
1/kg cat/hr over the 
undoped Cu/ZnO catalyst at 235°0, 75 atm. 
, I( 
The procedure used for the calculation of pressure gradient 1s 
the same as in section (a). The main reaction to be considered here 
would be 
CO+ HO<=====> CO + B2 2 2 
(14) 
oco= o 
Under these conditions the diffusivity of CO through the gas mixture 
[ 42] is 
1 
D CO,m 
1 1 1 
(y -y )+ ----- (y + y )+ ------(y +y ) B20 CO CO2 CO B2 
CO 
D D co,co2 co,B2 
(B7) 
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Both D
00 
HO and Dea CO have been estimated using Fuller-Schettler-
, 2 ' 2 
Giddings correlations (equation (B3)) [46] with the following 
diffusive parameters 
(Ev)co= 18.9 
(Ev) 00 = 26.9 2 
(Ev) 8 o= 12.7 2 
Therefore, from equation (B3) and at 235°C, 75 atm 
2 
Dea CO= 0.0055 cm /s 
' 2 
2 
Dea Ho= 0.00877 cm /s 
' 2 
The mean diffusivity for CO through the gas mixture 1s obtained from 
equation (B7). 
2 
Dco,m= 0.0151 cm /s 
Using the Wilke's equation (equation (B4)) [47], the viscosity of 
the gas mixture is calculated as 
-4 µ = 2.42*10 g/cm/s 
m 
The molecular weight of the mixture 1s 
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M = E y.M.= 10.98 g/mol 
m 1 1 
and the density of the mixture 1s 
p =(MT P)/(V TP )= 0.0197 g/cm3 
m m o o o 
Therefore, the Schmidt number 1s 
Sc=µ /(p Dea )= 0.81 m m ,m 
and the Reynolds number 1s 
Re= d G/µ = 1.1 p p m 
The quantity rp was expressed as the consumption of H20 in the 
feed. 
Since the rate of H20 in= 0.0833 mol
/hr, and the rate of H20 out 
= 0.0092 mol/hr 
the rater is p 
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/ 
[(0.0833-0.0092)(mol/hr)/2.45 g] * (1/3600 s)= 8.4*10-
6 
mol/g/s 
Substituting the above calculated values into equation (27) gives the 
concentration gradient of CO between bulk fluid and the catalyst 
surface 
r (Sc)2/3 6 
(C - C) = ___ E ______ = 4.64*10-
b s CO a(' G/ ) 
m Jo Pm 
' rn u tJJ \ ;• ! in 
Then the pressure gradient of CO is 
3 
mol/cm 
The partial pressure of CO in the bulk fluid is 
75 * 0.133= 9.98 atm 
% pressure gradient is [(pb -p5)/pb] * 100= 1.9 
(II) External Heat Transfer Limitation 
(a) At the condition when the water injection rate is 6.67 
mol/kg cat/hr, H2/CO = 2.33, an
d G~SV= 6120 1/kg cat/hr over 
the undoped Cu/ZnO catalyst at 235 C, 75 atm 
The heat capacity of gas mixture is C = E y.C . pm j J PJ 
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C = 9.30 cal/mol/K pm 
= 0.66 cal/g/K 
The thermal conductivity A of gas mixture is calculated m 
according to Lindsay and Bromley method [47] from the thermal 
condutivities of the individual components j assembled in Table B-1 
where 
n 
A = E 
m • 1 1= 
A. 
1 
n 
1+.E1(y./y.)A .. J= J 1 lJ 
1 µ. 
A .. = --- ( [--~ 
lJ 4 µj 
S. = 1. 5 Tb. 
1 1 
S .. = (S.S.)0. 5 
lJ 1 J 
Mj 0.75 l+Si/T 0.5 (---) --------] 
M. l+S./T 
1 J 
(B8) 
2 l+S .. /T ) ----~L __ 
l+S .. /T lJ 
or S .. = 0.735(8.S.)o. 5 when one of the gases is very polar(such as B2D 
lJ 1 J 
and NH3) 
After manipulation, the thermal condutivity of the gas mixture 
A= 3.89*10-4 cal/s/cm/K 
m 
For heat transfer the equation analogous to equation (25) 1s 
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hf (------) 
C G pm 
a 
(---!!1-) 
at 
If Reynolds number Re 1s defined as [49] p 
then the 
used 
Since 
Re= G/(aµ ,p) p m 
following relationship between JB and Reynolds 
-0.51 jB= 0.91* Re for Re < 50 p p 
2 3 
a= ampB= 19.8 * 1.3= 25.7 cm /cm 
(30) 
number Re p 
(B9) 
Therefore, with the shape factor of the particle; assumed to be 1 
Re= 0.20 p 
The Prandtl number of the mixture 1s 
= 0.59 
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The reaction heat (-6H) term consists of two parts: the first is 
the heat of methanol synthesis reaction which is the most predominant 
part and the second is the heat of the WGS reaction. 
CO+ 2H -----> CH OH 2 3 
,,..;,,00 + H O -----> CO + H 2 2 2 
rp(-6H)= rp1(-6H1)+ rp2(-6H2) 
= (1.27*1 -5 mol/g/s) * (23370 cal/mol) + (l.8*10-
6 
mol/g/s) (9510 cal/mol) 
= 0.314 cal/g 
Substituting the above calculated values of the physical parameters 
into equation (32), the temperature gradient between the bulk fluid 
and the catalyst surface was obtained. 
r (-6H)(Pr) 2/ 3 
Ts-Tb= __ E __________ _ 
a jHC G m pm 
(32) 
= 4.6 K 
(b) At the condition when the water injection rate is 33.3 
mol/kg cat/hr, H2/CO = 2.33, and 
G~SV= 6120 1/kg cat/hr over 
the undoped Cu/ZnO catalyst at 235 C, 75 atm 
The heat capacity of the gas mixture C is pm 
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C = E y.C .= 7.57 cal/mol/K = 0.71 cal/g/K pm . J PJ J 
The thermal conductivity of the gas mixture A calculated m 
according to Lindsay and Bromley method (equation (B8)) [47] is 
-4 A = 4.22*10 cal/s/cm/K 
m 
The Reynolds number is calculated with the shape factor 1= 1 
Re = G/(aµ 1)= 0.17 p m 
The Prandtl number is 
Pr= C µ /A = 0.41 pm m m 
rp(-AH)= rp1(-AB1)+ rp2(-AH2) 
= (1.1*10-B mol/g/s) * (23370 cal/mol) + 
(8.4*10-6mol/g/s) * (9510 cal/mol) 
= 0.11 cal/g/s 
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With the above calculated physical paramters, the temperature gradient 
between the bulk fluid and the catalyst surface is 
r (-bH)(Pr) 2/3 
Ts- Tb= ____ P ____________ = 1.1 K 
a jHC G m pm 
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APPENDII C 
Estimate of Intraparticle Diffusion Limitations 
List of Symbols: 
3 
Cb= bulk concentration, mol/cm 
C = surface concentration at equilibrium, mol/cm 
s,eq 
C = surface concentration, mol/cm
3 
s 
3 
2 
D. = diffusivity of component i through the mixture, cm /s 
1,m 
D. ff= effective d~ffusivity of component i through the 
i,m,e mixture, cm /s 
2 
D. k = the Knudsen diffusivity, cm /s 
1, 2 
effective Knudsen diffusivity, cm /s D. k ff= the 1, ,e 
D = effective 
e 
diffusivity, cm2/s 
L = characteristic length of the pellet, cm 
M = molecular weight, g/mol 
pb = partial pressure in the bulk fluid phase, atm 
R = universal gas constant, atm.cm
3/mol/K 
(r) b = reaction rate, mol/g/s p O S 
r = average pore size, cm 
e 
T = reaction temperature, K 
Tb= temperature in the bulk fluid phase, K 
T = temperature on the surface, K 
s 
E = internal void fraction of particle 
s 
r = tortuosity factor 
A = effective thermal conductivity, cal/cm/K/s 
e 
(-AH)= heat of reaction, cal/mol 
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(~T) = temperature gradient inside the particle, K 
s 
~= effectiveness £actor £or solid particle, dimensionless 
;= Thiele modulus, dimensionless 
(I) Intraparticle Mass Transfer Limitation 
(a) at the condition when the water injection rate is 6.67 
mol/kg cat/hr, H2/CO = 2.33, 
and GHSV= 6120 1/kg cat/hr over the 
undoped Cu/ZnO catalyst at 235°0, 75 atm. 
According to the Weisz-Prater criterion [42] £or a first order 
reaction, there are no pore diffusion limitations if the ratio 
t= (r) b 12/(D C) << 1 p o s e s 
(37) 
The effective bulk diffusivity of CO through the gas mixture 1s 
defined as [42] 
D CO,m,e££ = E 
D00 fr s ,m 
(Cl) 
The internal void fraction E and tortuosity r of the catalyst s 
have been estimated to be 0.5 and 7.2, respectively [42]. The 
calculated value of DCO,m under these conditions in Appendix B was 
shown to be 9.09*10-3. Therefore, 
D CO,m,e££ 
-4 2 
= 6.3*10 cm /s 
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The Knudsen diffusivity 000 k is calculated [48] using the , 
following equation: 
- 1/2 
DCO,k = 9700 re(T/M) (C2) 
Similarly, the effective Knudsen diffusivity of CO 1s 
The average pore sizer of Cu/ZnO catalyst can be taken as 30 ~ 
e 
-7 (= 3*10 cm) [50]. Therefore, 
Since 
l/De = l/Dco,k,eff + l/Dco,m,eff 
(C4) 
Substituting the calculated DCO,k,eff and DCO,m,eff values into 
equation (C4) gives 
-4 2 D = 3.64*10 cm /s 
e 
Assumed the pellets used are spherical, the size of the pellet 
L= d /6= 0.14/6= 0.023 cm p 
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Since pb= CbRT, and in Appendix B the partial pressure of CO in 
the bulk fluid pb was shown to be 9 atm under these conditions, the 
bulk concentration of CO is 
/ 
-4 3 
Cb= 9 (82.057 * 508)= 2.16*10 mol/cm 
From Appendix B, the concentration gradient of CO between the 
k 
-5 3 
bul fluid and the catalyst surface (Cb- Cs)CO = 1.21*10 mol/cm 
Then 
-4 3 C = 2.04*10 mol/cm 
s 
Substituting the values of C , D, L calculated above and the reaction s e 
rate (r) b = 1.27*10-5 mol/g/s obtained in the Appendix B into p O S 
equation (37), the ratio t 1s calculated as 
t = 0.0000127 mol/g/s * (0.023 cm) 2 / (3.64*10-
4 
cm
2/s 
-4 3 
* 2.04*10 mol/cm )= 0.09 << 1 
Under the assumption that methanol synthesis is a first 
order reaction, there is no intraparticle mass transfer limitation. 
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(b) At the condition when the water injection rate is 33.3 
mol/kg cat/hr, B2/CO = 2.33,
 and GHSV= 6120 1/kg cat/hr over 
the undoped Cu/ZnO catalyst at 235°C, 75 atm. 
The criterion [42] for the absence of pore diffusion limitations 
for a first order reversible reaction is that the ratio 
(38) 
The same procedure as in the section (a) was used in the 
calculation of the effective bulk and Knudsen diffusivties. Hence, 
the effective bulk diffusivity of CO was calculated with the value of 
-2 2 Dco,m= 1.51*10 cm /s obtained in the Appendix B under these 
conditions 
D = (E /r)DCO = 1.049*10-
3 
cm
2/s 
CO,m,eff s ,m 
-4 2 
and DCO,k,eff = 8.61*10 cm /s 
The effective diffusivity D can be obtained from equation (C4) e 
-4 2 D = 4.73*10 cm /s 
e 
At 235°C, 75 atm for CO+ H20 <====>CO2 + H2, 
the equilibrium 
conversion of CO is about 42.5 %. If the reaction is assumed to be a 
pseudo-first order reaction, 
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,· 
'·, 
Since Cs= pb/RT- (Cb- Cs). From Appendix B under these 
conditions (Cs)CO is equal to [9.98/(82.057*508)] - 4.64*10-
6 
= 2.35*10-4 mol/cm3 
Therefore, 
( ) 
-4 -5 3 
C - C co= 0.425 * 2.35*10 = 9.98*10 mol/cm 
s eq 
Substituting the above calculated values along with the reaction rate 
( -6 r) b = 8.4*10 mol/g/s into equation (38), the ratio tis obtained p O S 
t = 0.09 << 1 
Under the assumption that the WGS reaction is a pseudo first 
order reversible reaction, there is no intraparticle mass transfer 
limitation. 
(II) Maximum Internal Temperature Difference 
(a) At the condition when the water injection rate is 6.67 
mol/kg cat/hr, H2/CO = 2.3
3, and G~SV= 6120 1/kg cat/hr over 
the undoped Cu/ZnO catalyst at 235 C, 75 atm. 
The maximum temperature gradient in a particle is given [42] by 
and P= (-AH)D C /(X T) e s e s (39) 
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l 
·' ~ 
~: 
I 
' 
, 
No definite value is available for effective thermal conductivity 
A of the Cu/ZnO catalyst. A can have any value in the range 
e e 
-4 -4 4.13*10 to 16.54*10. cal/s/cm/K [41]. Therefore an average value 
has been used. 
-4 A = 10*10 cal/s/cm/K 
e 
From the Appendix B, the reaction heat of the methanol synthesis 
(-AH) under these conditions is 23370 cal/mol and (Ts- Tb)= 4.6 K. 
T = 508 + 4.6= 512.6 K 
s 
Substituting the calculated D, C, A , T values and (-AH) into 
e s e s 
equation (39), 
Therefore, 
-3 p = 3.385*10 
-3 (AT) = (3.385*10 ) * 512.6= 1.7 K 
sm~ 
(b) At the condition when the water injection rate is 33.3 
mol/kg cat/hr, H
2
/CO = 2.33, and G~SV= 6120 1/kg cat/hr over 
the undoped Cu/ZnO catalyst at 235 C, 75 atm. 
Similar calculations as in the section (a) was used. From the 
Appendix B, the reaction heat (-AH) under these conditions is 9510 
cal/mol for the WGS reaction and (Ts- Tb)= 1.1 K. Therefore, 
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T = 508 + 1.1= 509.1 K 
s 
-4 
With the results obtained from the above calculation, D = 4.73*10 e 
2 -4 3 
cm/sand C = 2.35*10 mol/cm 
s 
Hence, 
-3 P= 2.08*10 
(!1T ) = 1.1 K 
s max 
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APPBNDII D 
Kinetics of the WGS Reaction Near Equilibrium with Simultaneous 
Occurrence of Methanol Synthesis 1n an Integral Reactor 
List of Symbols: 
Fi= the molar flow rate of component i at steady state, mol/hr 
0 F.= the initial molar flow rate of component i in the feed, mol/hr 
1 
0 F = the initial total molar flow rate, mol/hr 
f.= the fugacity of component i, atm 
1 
K = the equilibrium constant of the WGS reaction in terms of fugacity 
eq 
K = the equilibrium constant of the WGS reaction in terms of partial 
p pressure of the components(= 82.3 at 235°C, 75 atm) 
K = the fugacity coefficient constant 
1 2 
k = the forward rate constant of the WGS reaction, mol/g cat/atm /hr 
m 
k = the specific forward rate constant of the2WGS reac2ion 1n terms of 
s partial pressure of the components, mol/m cat/atm /hr 
' ks= the specific fof'ard rat~ constant of the WGS reaction 1n terms of 
fugacity, mol/m cat/atm /hr 
m= the weight of the catalyst, g 
P= the total pressure, atm 
p.= the partial pressure of component 1, atm 
1 
(p.)= the average partial pressure of component 1 along the reactor, 
1 atm 
r = the rate of the WGS reaction per unit mass of the catalyst, 
m mol/g cat/hr 
rWGS= the rate of the
2
WGS reaction per unit surface area of the 
catalyst, mol/m cat/hr 
R= the flow ratio of the synthesis gas H2/CO in the feed(= 2.33) 
S= the surface area of the tested catalyst, m
2
/g 
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.. 
f 
EF= the total flow rate at steady state, mol/hr 
a= the conversion of H20 to CO2 b
y the WGS reaction at a general 
location in the reactor,% 
a
1
= the steady state conversion of H20 to CO2 by the WGS r
eaction 
at the exit of the reactor,% 
aM 1= the stead
y state conversion of CO to methanol at the exit of 
' the reactor,% 
7.= the fugacity coefficient of component 1 
1 
Two reactions (equations (1) and (14)) were accounted for 1n the 
derivation of the forward rate constant of the WGS reaction. 
CO+ 2B -----> CB OB 2 3 
(1) 
(14) 
The kinetic equation (43) for the WGS reaction was reformed 1n 
terms of partial pressure p. using the relations f.= 7.p., where 1 1 1 1 1 
refers to the components CO, B20, CO2, and B2. 
(Dl) 
, 
where ks= ks1co7H20
, KP= Keq/K7, and K7
= 70021H2
/(7co7H20). Further, 
the rater and forward rate constant k per unit mass of the catalyst 
m m 
are related to the rate rWGS and forward rate constant ks per unit 
surface area of the catalyst as 
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(D2) 
k = k s 
(D3) 
m s 
The steady state kinetics in an integral reactor containing mass m of 
the catalyst in terms of the water component in the WGS reaction [41] 
gives 
(D4) 
Meanwhile, the partial pressures of CO2 and H2D are given 
in terms of 
the flow rates as 
Pco = P Fco /EF 
2 2 
(D5) 
(D6) 
At a general location in the reactor, the conversion a of the water 
was defined as 
( o ) I o a= FH O - FH O FH 0 
2 2 2 
(D7) 
Rearranging equation (D7) to give 
(D8) 
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\ 
From equation (14), 
(D9) 
and 
(D10) 
Since CO is consumed by both the WGS reaction and methanol 
synthesis, whereas H2 is
 produced by the WGS reaction and consumed by 
methanol synthesis, it is necessary to define the conversion of CO
 to 
methanol, aM, in terms of the flow rate of CO and the conversion a
 by 
the WGS reaction. The volume change in the reaction (1) has been 
neglected. 
0 
From equations (1) and (14), the material balances for FH 2 
0 
and Fco are given as 
F~ = FH + 
2 2 
0 
aFH 0 
2 
By adding the above two equations to give 
(Dll) 
(D12) 
(D13) 
By further adding equations (D10) and (D13) together to obtain 
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'i, 
(D14) 
From equation (D14), the total £low rate EF can be expressed as 
EF = Fa
2
o+ Fco
2
+ FH
2
+ Fco+ FMeOH 
= FH o+ Fco + FH + Fco+ aMF~o 
2 2 2 
(D15) 
Pea' pH, and aM are approximated by the average values between the 
2 
inlet and the exit of the reactor as 
(D16) 
(D17) 
Therefore, 
(D18) 
(D19) 
where R= F~ /F~O is the synthesis gas H2/CO £low ratio in the feed 
2 
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' 
From equations (D6) and (D19) 
0 FH O (1-a) 
2 
PHO= P---------------------
2 0 0 F -(ay 1/R)FH 
' 2 
From equations (D5) and (D19) 
0 
FH oa 
2 
p - ------------------CO2 0 0 F - (aM 1/R)FH 
' 2 
(D20) 
(D21) 
substituting pH O and Pco in eq
uations (D20) and (D21) into equation 
2 2 
{Dl), using the definitions (D2) and (D3), gives 
p 
r = k --------------------
m m 
Rearranged, 
0 1 
PFH 0 
2 
r = k ----------------
m m 
Fo -FHo (ay 1/R) 
2 ' 
[<Pco>- a(<Pco>+ ----<PH2>)) K p 
and r can be written in the £orm 0£ 
m 
r = a-ba, where 
m 
and 
0 
kmPFH2o<Pco> 
a=-------------------
F0 - F~ (aM 1/R) 2 ' 
kmPF~2o(<Pco> + (1/KP)<pH2>) 
b= ------------------------------
F0-Fi (aM 1/R) 2 ' 
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(D22) 
(D23) 
By substituting r into equation (D4) m 
then 
o aL 
m = FH OJ da/(a-ba) 2 0 
Further integrating equation (D24) gives 
Rearranged, 
0 
m = -(FH 0/b)(ln 11- (b/a)a1 I) 2 
bm/F~ 0 = lnll-(b/a)a1 1 2 
(D24) 
(D25) 
Substituting a and bin equation (D23) into the above equation, the 
forward rate constant of the WGS reaction can be obtained. 
0 0 
- [F - (aM 1/R) FB] a1 
, 2 
k = ------------------------ ln I 1- ----------1 (D26) 
m P(<Pco>+ (1/K )<pH >)m aL p 2 ,eq 
The specific forward rate constant k obtained from the definition
 
s 
(D3) as 
k = k /S 
s m 
(44) 
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APPENDII E 
Calculation of Forward Rate Constants of the WGS reaction Nea
r 
Equilibrium Using Rate-Driving Force Relationship 
List of Symbols: 
f.= fugacity of component 1, atm 
1 
f. = fugacity of component i at equilibrium, atm. 
1,e 
F.= molar flow rate of component 1 at the exit of the reacto
r, mol/hr. 
1 
F. = molar flow rate of component 1 at equilibrium, mol/hr. 
1,e 
k = forward rate constant of the WGS reaction, mol/atm
2/m
2
/hr. 
s 
P= total pressure, atm. 
p .= critical pressure of component i, atm. 
Cl 
P .= reduced pressure of component i(=P/p .). 
r1 Cl 
p.= partial pressure of component i at the exit of the react
or, atm. 
1 
p. = partial pressure of component i at equilibrium, atm. 
1,e 2 
rwcs= rate of the WGS reaction, mol/m /hr. 
r = forward or reverse2reaction
 rate of the WGS reaction at 
e equilibrium, mol/m /hr. 
R= universal gas constant, cal/mol/K. 
T= reaction temperature, K 
T .= critical temperature of component i, K. 
Cl 
T .= reduced temperature of component i(= T/T .) 
rl 
Cl 
X= generalized conversion in the WGS reaction, mol/hr. 
X = generalized equilibrium conversion, mol/hr. 
e 
X.= conversion in terms of component i, mol/hr. 
1 
X. = equilibrium conversion in terms of component 1, mol/hr. 
1,e 
7.= fugacity coefficient of component 1. 
1 
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w.= acentric factor of component i. 
1 
AG= Gibbs free energy difference between its governing and eq
uilibrium 
value, kcal/mol. 
From thermodynamics, the Gibbs free energy difference 
between its governing and equilibrium value 6G of the WGS reaction 
[55] is obtained according to: 
f f f f co2,e H2,e CO H2
0 
-------
-------
------
f f f f CO,e H20,e CO2 H2 
As f.= 7.p., equation (45) becomes 
1 1 1 
(45) 
7co2,e1H2,e
7co7a2o 
ln-------------------- + 
Pco2,ePH2
,ePcoPH20 
ln --------------------] 
1co,e1a2o,e1co21a2 
Pco,ePH20,ePco2PH2 
(El) 
Assuming that near equilibrium, 7 - 7 where 1 are the com
ponents i e- i' 
' 
Pco2,ePH2
,ePcoPH20 
-6G= RT ln[ ---------------------] 
Pco,ePH20,ePco2PH2 
(E2) 
By substituting p.= P F./(EF.), AG can be expressed in terms of molar l l l 
flow rates as follows. 
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., 
t, 
AG= RTE ln [1+ (F.-F. )/F. ]
1
\ 
. 
1 1,e 1,e 
1 
(E3) 
Rearranging ,, 
,, 
eAG/RT= Il [1+ (F.-F. )/F. ]vi 1 1,e 1,e 
(E4) 
1 
Since both F. and F. can be expressed as a generalized 1 1,e 
conversion of the reaction: 
0 F.= F.+ v.X 1 1 1 
0 F. = F.+ v.X 1,e 1 1 e 
Therefore, 
F.- F. = v.(X- X) 1 1,e 1 e 
Equation (E4) then becomes 
Assigning the values of indices 1 as follows. 
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(E5) 
(E6) 
(E7) 
(E8) 
and X -X= D 
e 
Taking into account that v1= v2= -1 an
d v3= v4= +1, equation (EB) can 
be written as 
r'r 
etiG/RT= (1+ D/F1 f\1+ D/F2 ·)\
1(1- D/F3 ) (1-D/F4 ) 
,e ,e , e ,e 
(E9) 
The reaction rater is determined by the driving force 
tiG/RT of the reaction as follows [52] 
r= r (1- etiG/RT) 
e 
(47) 
If we define a function g(D)= etiG/RT, then 
-1 -1 
~(D)= (1+ D/Fl,e) (1+ D/F2,e) (1- D/F3,e) (1- D/F 41 e) 
(ElO) 
This function g(D) is expanded in terms of a third degree polynomial 
Taylor series, which can be written as 
I fl 2 Ill 3 
g(D)= g(O)+ g (O)D+ (1/2)g (O)D + (1/6)g (O)D (Ell) 
After some manipulations, g(D) becomes 
g(D)= eAG/RT= 1- AD+[(A2-B)/2)D2+[(-A
3
+3AB-2C)/6]D3 (51) 
.. 
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The reaction rater can be expressed in terms of generalized 
conversion X. 
r= dX/dt 
(53) 
2 3 2 4 3 
where A= E v./F. , B= E v./F. , C= E v./F. 
. 1 1,e . 1 1,e . 1 1,e 1 1 1 
The sums run over 
all the reactants and products of the WGS reaction and are 
specifically written as 
A= (1/F1 + 1/F2 + 1/F3 + 1/F4 ) ,e ,e ,e ,e 
(E13) 
B= (-1/F21 -1/F2
2 
,e ,e 
3 3 3 3 C= (1/F1 +1/F2 + 1/F3 + 1/F4 ) ,e ,e ,e ,e 
The difference between the generalized equilibrium 
conversion and governing conversion (X -X) can be replaced by that of e 
a single component. After inspecting the experimental data, 
it was 
found that in terms of water component gave the most accurate
 and 
satisfactory result. In such a case 
dX/dt= -dFH 0/dt 2 
X -X= FB 0- FH 0 
e 2 2 ,e 
(53) 
(54) 
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and the forward reaction rate of the WGS reaction at equilibrium r 
1s e 
expressed as 
r = k p p 
e s B20,e CO,e 
(50) 
Combining equations (E12), (53), (54), and (50) and rearranging, 
equation (55) is obtained. 
[1/(pB O Pea )] (-dFB o/dt)= k [f(FB 0- FB O )] (55) 2 ,e ,e 2 s - 2 2 ,e 
where f(FB 0- FB O ) is the 
third degree polynomial as a function of 
- 2 2 ,e 
(FB 0-FB o ), f(y)= Ay
- [(A2-B)/2]y2+ [(A3-3AB+2e)/6Jy
3
. This 
2 2 ,e -
equation predicts that the slope of the linear plot of 
[1/(pH O Pea )] (-dFB o/dt) VS [ f(FB 0- FB O )] gives the forward 2 ,e ,e 2 - 2 2 ,e 
rate constant k of the WGS reaction. s 
Meanwhile, the fugacity coefficient used to calculate the 
fugacity of each component in the WGS reaction was calculated f
rom 
equations (E14)-(E18) utilizing the relations given in reference [60]: 
0 1) ln 7.= (P ./T .)(B.+ w.B. 1 r1 r1 1 1 1 
(E14) 
where B~= 0.083- 0.422/(T
1
:
6) 1 r1 
(E15) 
(E16) 
, 
c 
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T .= T/T. 
r1 Cl 
(E17) 
and P .= P/p. 
r1 Cl 
(E18) 
The physical parameters involved in the fugacity coefficients
 
calculation are listed in Table E-1. 
0 For 235 C, 75 atm, the fugacity 
coefficient(7.) of each component in the WGS reaction is shown below 
1 
7co= 1.02 
7a o= o.75 
2 
1co = o.95 
2 
7a = i.02 
2 
Then the fugacity (f.) of each component can be obtained by 1 
f.= p.7. 
1 1 1 
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TABLE E-1 
Oritical Constants and Acentric Factor w of Each componen
t in the WGS 
Reaction [47]. 
------
------
------
------
------
------
------
------
-
/ 
/ 
co B20 
CO2 B2 
------
------
------
------
------
------
------
------
-
T (K) 132.9 647.3 304.2 
33.2 
C 
p (atm) 34.5 217.6 72.8 
12.8 
C 
w 0.049 0.344 
0.225 -0.22 
------
------
------
------
------
------
------
------
----
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APPENDII F 
Calulation of Theoretical Equilibrium Constants of the R
eactions That 
Possibly Lead to the Formation of Methyl Formate 
List of Symbols: 
C .= heat capacity of component i, cal/mol/K pl 
K = equilibrium constant in terms of fugacity. 
eq 
K = equilibrium constant in terms of partial pressure. 
p 
K = fugacity coefficient constant. 
'Y 
P= total pressure, atm. 
p.= partial pressure of component i, atm. 
1 
P .= critical pressure of component i, atm. 
Cl 
P .= reduced pressure of component i(= P/P .) . 
rl 
Cl 
T = reaction temperature, K 
T .= critical temperature of component i, K 
Cl 
T .= reduced temperature of component i(= T/T .). 
r1 Cl 
7.= fugacity coefficient of component 1. 
1 
w.= acentric factor of component i. 
1 
a= constant 1n ideal gas heat capacity equation. 
p = constant 1n ideal ~as heat capacity equation. 
i = constant 1n ideal gas heat capacity equation. 
6 = constant in ideal gas heat capacity equation. 
v = stoichiometric coefficients, for the reaction (57), VHCOOCH
 = +1 
3 
AG~= the standard Gibbs free energy of formation at 298 K
 for ideal 
gas at 1 atm, kcal/mol. 
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\ 
0 AG= the standard Gibbs free energy of a reaction, kcal/m
ol. 
AH~= the standard enthalpy of formation at 298 If, kcal/mo
l. 
AH~= the standard enthalpy of a reaction at the reaction 
temperature 
T, kcal/mol. 
Reactions considered are those plausible pathways that 
lead to the formation of methyl formate: 
I 
CO+ CH30H <=====> HCOOCH3 
2HCHO <======> HCOOCH 3 
(57) 
(56) 
(58) 
Heat capacity of each compound 1s obtained from the 
following equation: 
C (T)= a+ /J'f + ~T2 + oT3 p 
(Fl) 
The constants(a, p, ~, 6) used to calculate the heat 
capacity along with the standard enthalpy of formation(AHf) and the 
standard Gibbs free energy of formation (AG~) of each component are 
tabulated in Table F-1. 
The whole procedure used to calculate the theoretical 
equilibrium constants is based on the equations presented
 in 
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I 
Table F-1 
Constants Used to Calculate the Beat Capacity, the Standard Enthalpy 
of Formation6hB1), and the Standard Gibbs Free Energy of Formation(hGt) of Each Component [47] Involved in the Reactions that 
Possibly Leaa to the Formation of Methyl Formate. 
-------
-------
-------
-------
-------
-------
-------
-------
-------
-----
co BCOOCB3 BCBO 
-------
-------
-------
-------
-------
-------
-------
-------
-------
-----
a 7.373 5.052 0.342 
5.607 6.483 
fl *102 -0.307 1.694 6.449 0.754 
-0.2215 
tt *10 5 0.6662 0.6179 -4.656 
0. 7130 -0.3298 
o *108 -0.3037 -0.6811 1.3
62 -0.5494 0.1826 
l1B1(kcal/mol) -26.42 -48.08 -83.60 -27
.70 0. 
hG1(kcal/mol) -32.81 -38.84 -71.03 -26
.27 0. 
-------
-------
-------
-------
-------
-------
-------
-------
-------
----
., 
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reference [60]. Only that for the reaction (57) 1s illustrated 1n 
this Appendix. 
The standard Gibbs free energy of the reaction is given by 
AG0 = E AG
0 E AG
0 
products f - reactants f 
(F2) 
0 
1 
Using the values of AG£ of the components 1n Table F-1, we obtain 
0 AG= 0.62 kcal/mol = 620 cal/mol 
The equilibrium constant K of the reaction (57) at 298 K eq 
is calculated from 
0 AG = -RT ln K eq 
K = 0.351 (at 298 K) 
eq 
(F3) 
Next, the standard enthalpy of this reaction at 29_$ K is 
obtained by 
AB0 = E AH
0 E AH
0 
products f reactants f 
(F4) 
Using the values of AH~ of the components in Table F-1, we obtain 
AH0 (at 298 K)= -9.1 kcal/mol = -9100 cal/mol 
The standard enthalpy of the reai:tion (57) at reaction 
temperature. T can be obtained as follows 
C . T 
0 0 AHT= AH (at 298 K) + .E1 v.J298 C. dT 1= 1 pl 
(F5) 
o T 
= AH (at 298 k)+ f298(C HCOOCH - C CO- C CH OH) dT P, 3 P, P, 3 
o T 2 3 
= AH (at 298 K)+ J298 [(Aa)+ (Afi)T+ (A~)T + (Ao)T] 
dT 
where Aa= aHCOOCH - aCO- aCH OH 3 3 
(F6) 
AP= PHcoocH - Pea- PcH OH 
· 
3 3 
A~= ~HCOOCH - ~co- ~CH OH 3 3 
Ao= 6HCOOCH - 0co- 6cH OH 3 3 
By substituting the constants a, p, ~, and 6 of each component in 
Table F-1 to equation (F6), we obtain 
Aa= -12.083 
-2 AP= 5.062•10 
-5 
A~= -5.9401*10 
-8 A6= 2.3468•10 
After integration, equation (F5) becomes 
~~= -7269.2- 12.083T+ (2.531*10-2)T2- (1.98•10-5)T3+ 
(5.867*10-9)T4 (F7) 
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Since the relationship of the equilibrium constants at tw
o 
different reaction temperatures is given by 
ln(K T / K T )= JTT2 (hH
0 /RT2) dT 
eq, 1 eq, 2 1 
(F8) 
(F9) 
Substitution of equation (F7) into equation (F9) and integration 
yields 
-2 
ln(K T/0.351)= 3658.38/T - 6.081(ln T) + (1.2738*10 )T-
eq, 
-6 2 -10 3 (4.9824*10 )T + (9.8423*10 )T + 18.988 
(FlO) 
According to equation (FlO), the theoretical equilibrium 
constant K of the reaction (57) at 235°C is given as 
eq 
-4 
K = 5.93*10 
eq 
To express the equilibrium constant in terms of partial 
pressure of the components, the fugacity coefficient 7i 
of ·each 
component involved in the reaction has to be calculated. 
Since 
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and 
The individual fugacity coefficients were calculated 
according to the equations that have been shown in Ap
pendix E. The 
physical parameters involved in the fugacity coeffici
ent calculations 
are listed in Table F-2. 
TABLE F-2 
The Critical Constants and Acentric Factor w of Each 
Component [47] 1n 
the Reactions that Lead to the Possible Formation of 
Methyl Formate 
------
------
------
------
------
------
------
------
------
------
co HCOOCB3 
HCHO 
------
------
------
------
------
------
------
------
------
------
-
T (K) 132.9 512.6 487.2 
408. 33.2 
C 
P (atm) 34.5 79.9 59.2 
65. 12.8 
C 
w 0.049 0.559 0
.252 0.253 -0.22 
------
------
------
------
------
------
------
------
------
------
--
At 235°C, 75 atm, 7BCOOCH = 0.68, 7co= 1.02, and 7cH OH= 0.
71, and 
3 3 
7H = 1.02. 
2 
Therefore, the theoretical equilibrium constant K p 
expressed in terms of the partial pressures of the c
omponents 1s given 
by 
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-4 
K = K /K = 6.3*10 p eq 7 
Using the same procedure, the theoretical equilibrium 
constants K of other reactions can be calculated. The resul
ts for 
p 
the theoretical equilibrium constants K of the reactions (56)-(58) p 
are summarized in Table F-3. 
TABLE F-3 
The Calculated Theoretical Equilibrium Constants K at 235°C, 
75 atm 
of the Reactions That Possibly Lead to the Formati8n of Methy
l 
Formate. 
Reaction 
(57) 
(56) 
(58) 
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K p 
0.10 
